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X.  Abstract 

This  study  is  to  invest igsts  tbs  noise  in  tunnel 
diode  sdxers  eabhesising  on  the  eorreletion  between  the 
bigh>dfrequency  noise  end  the  intemediet e-frequency  noise. 
Methods  of  optisiisetion  of  the  tunnel  diode  mixer  opere- 
tion  ere  discussed  with  respect  to  the  noise  figure, 
evaileble  gain  end  stability, etc.  The  similar  study  is 
SKtendad  to  the  double  sideband  mixers. 

In  Chapter  I  a  historical  survey  of  mixers  is 
briefly  mentioned.  The  advntages  of  using  tunnel  diode 
for  mixing  and  the  experimental  data  of  the  tunnel  diode 
mixers  reported  by  others  are  illustrated. 

In  Chapter  IZ  the  tunnel  diode  mixer  is  represented 
by  a  simple  two-port  network  equivalent  circuit  in  terms 
of  the  parameters  and  g^.  From  the  equiva¬ 

lent  circuit,  the  expressions  are  derived  for  the  input 
conductance,  the  output  conductance  and  the  available 
gain.  It  ia  found  that  ^e  input  and  output  conductances 
are  not  always  positive  and  that  an  available  gain  larger 
than  unity  ia  possible  for  tunnel  diode  siixcra. 

In  Chapter  III  the  noise  theory  for  shot  noise 
only  is  derived.  The  noise  figure  is  minisdsed  by 
varying  the  signal  conductance.  Due  to  the  interaction 
of  the  high-frequency  noise  and  the  intermediate-frequency 
noise  a  corralation  term  sodLata.  Properly  operating  tha 
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tunnal  dloda  by  making  uaa  of  tha  correlation  term,  a 
partial  noiae  eancellation  can  be  achieved. 

Zn  Chapter  XV  the  total  ayatem  noiae  figure  for 
both  poaitive  and  negative  output  conductance  of  the 
mixer  are  atudied.  It  ia  ahown  that  feedback  from  a 
capacitance  in  the  anode  lead  of  a  triode  or  from  an  in* 
duetance  in  the  cathode  lead  of  a  triode  can  give  a  lorn* 
noiae  conductance  for  the  output  of  the  tunnel  diode 
mixer.  The  noiae  figure  of  the  mixer  plua  the  i.f •  atage 
with  feedback  from  an  inductance  in  the  cathode  lead  are 
derived.  The  noiae  figure  and  power  gain  of  the  tunnel 
diode  mixer  plua  a  grounded  grid  amplifier  have  bem 
calculated.  The  atability  of  theae  drouita  ia  alao 
diaonaaed. 

In  Chapter  V  a  graphical  rnc^od  aa  well  aa  an  aa- 
perimental  oiethod  for  determining  the  aign  of  the 
parmaetera  1^^,  g^  and  g^  of  the  tunnel  diode  mixer 

are  illuatrated.  Other  poaaible  methoda  are  alao  men¬ 
tioned.  A  amldiod  haa  been  deviaed  to  detenaine  the 
current  amplification  factor  of  the  tunnel  diode  mixer 
by  uaing  two  noiae  diodea. 

In  Chapter  VI  the  conditiona  required  for  dia  playing 
the  I-V  curve  of  the  tunnel  diode  are  given.  I-V  curvea 
of  differmtt  typea  of  tunnd  diodea  are  traced  and  in- 
veatigated.  A  method  ia  given  to  extend  the  reaulta  of 
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tunnel  diode  mixing  for  one  particular  tunnel  diode  to 
other  dlodea.  Molae  in  different  tirpea  of  tunnel  dlodea 
la  meaatired  In  the  poaltlve  oonduotanee  reglona. 

In  Chapter  VII  operation  of  the  tunnel  diode 
mixer  la  dlacuaaed  with  the  help  of  aeven  theoretical 
flgurea  and  tvo  modea  of  operation  are  given,  Theoretl- 
oal  analyaia  twa  done  on  the  tunnel  diode  mixer  for  dif¬ 
ferent  t]rpea  of  tunn^  dlodea  at  different  operating 
oondltlona.  The  effect  of  the  local  oacillator  voltage 
amplitude  and  the  alffnel  conductance  on  the  tunnel  diode 
mixer  operation  are  dlacuaaed. 

In  Chepter  VIII  the  experimental  tunnel  diode 
mixer  and  the  nolae  meeaurement  equipment  are  deacrlbed. 
Experimental  reaulta  are  obtained  and  the  nolae  meaaure- 
mant  method  la  llluatrated.  A  comparlaon  with  the 
theoretical  reaulta  la  made.  Good  agreement  with  the 
theory  and  the  Importance  of  the  correlation  term  be¬ 
tween  the  high-frequency  and  the  intermediate-frequency 
are  noted. 

In  Chapter  IX  the  equivalent  circuit,  available 
gain  and  nolae  figure  F  of  a  double  aide  bend  mixer  are 
derived.  The  factor  (F-1)  af  the  doable  aide  band  mixer 
la  more  tShm  3  dl  bettor  than  that  of  e  alngle  aide  bend 
mixer. 

Chaptera  X  and  XZ  give  conclualona  and  reconmenda- 
tlona  reapeetlvely. 
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The  final  reaulta  obtained  in  thla  research  arei 

1)  Correlation  betwa«)  interoMdiata-fraquaney  nolaa 
and  hlgh^fraquanoy  nolaa  la  laq^ortant. 

2)  Low  nolaa  and  high  gain  do  not  go  together.  The 
beat  tunnel  diode  nixara  are  of  the  back  diode  type. 

3)  It  ia  not  raooanandad  to  uaa  tunnel  dlodaa  with  a 
large  nagatlwa  raaiatanca  region.  If  one  doea  ao, 
nevertheleaa ,  circuiting  can  be  deaigned  that  glvea 
atability  at  low  additional  noiae. 

<i)  ApproxioMte  evaluation  of  the  mixer  operation  can 
be  made  directly  from  the  Z*V  charaeteriatie  of  the 
davioe. 


XX«  PUTDOlg 

Th«  purpoaft  of  Volume  II  of  tlila  report  la  to  give 
•  auomary  of  the  progreaa  made  on  Teak  II  of  thla  project 
during  the  period  January  I,  1961  to  July  31,  1962. 

The  contract  calla  for  an  Inveatlgatlon  to  determine 
the  eauae  and  effect  of  the  nolae  that  occura  In  aemlcon* 
ductora  and  aemlconductor  devlcea  when  dc  current  la 
flowing  through  the  aaoiple  or  device. 

Teak  II  waa  a  atudy  of  noise  propertlea  of  tunnel 
diode  mlxera  and  waa  divided  aa  followat 

(a)  A  theoretical  Inveatlgatlon  of  the  nolae  and 
of  the  correlation  between  the  direct  nolae  algnal  and 
the  converted  high-frequency  nolae  et  the  output  of  the 
devlcei  en  examination  of  the  effect  of  the  operating 
oondltlona  on  the  nolae  performance. 

(b)  An  escperlamital  determination  of  the  noise 
performance  In  the  verloua  operetlng  regions;  e  determlne- 
tlon  of  the  nolae  figure  end  the  poremeters  Involved. 


r 


Pag*  6 

ZZX«  Cdimmlcatlotia  and  Reports 

During  the  contract  period,  the  project  engineer 
Mr.  P.  Mewman  of  the  Bvana  Signal  Corpe  Laboratory  viaitad 
the  Univeraity  of  Minneaota  to  diacuaa  the  progreaa  on 
the  project  I  the  moat  recent  vlait  waa  on  May  23,  1962. 

Dr.  A.  van  der  Ziel  attended  the  1961  International 
Solid  State  Circulta  Conference,  February  15-17,  1961  and 
the  1962  International  Solid  State  Circuit*  Conference, 
February  14-16,  1962  at  Philadelphia,  Pennaylvanla . 

I4.at  of  Publication*  1 

Shi-fang  Lo,  **Moiae  in  Tunnel  Diode  Mixera,'*  Proc. 
ZRE  49,  1688-1689,  Mov.  (1961). 

Shl-fang  Lo,  Fh.D;  theala  entitled  ''Moiae  In  Tunnel 


Diode  Mixera,'*  Univeraity  of  Minneaota,  July  1962. 
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IV,  Qaneral  Outline  of  Work  AccoBDliahad.  Taak  11 

1,  Introduction 

The  oiixer  it  a  device  which  converts  a  signal  from 
one  frequency  to  another.  Any  nonlinear  element  such  as 
a  vacuum  tube  diode,  triode,  pentode,  crystal  diode  or 
tunnel  diode  can  be  used  as  a  mixing  element  in  the 
mixer.  Owing  to  the  limitation  of  the  transit  time  ef¬ 
fects,  the  vacuum  tube  is  used  as  a  mixer  only  in  the 
lower  frequency  part  of  the  microwave  region  below 
1000  Me  or  so.  The  crystal  diode,  on  the  other  hand, 
has  a  narrow  Junction,  the  transit  time  effects  are  small 
and  can  be  neglected  even  in  the  microwave  region.  During 
the  World  War  II  numerous  investigations  and  Improvements 

were  made  on  the  microwave  crystal  mixer,  which  became 

1  2 

superior  to  the  vacuum  tube  mixer,  *  Since  the  crystal 
diode  is  a  passive  element,  no  mixer  gain  can  be  ob¬ 
tained,  This  is  wdeslrable  aa  far  as  the  total  system 
noise  is  concerned. 

In  1957,  the  tunnel  diode  was  first  mentioned 
publicly.  The  negative  resistance  portion  of  the  tunnel 
diode  current-voltage  diaracteristic  leads  to  the  pos¬ 
sibilities  of  mixing  with  gain  and  self- excitation 
sdxing  without  the  local  oscillator  voltage.  Also  the 
tunnel  diode  is  tolerant  to  nuclear  radiation  and  suit¬ 
able  for  wide  temperature  range  and  high-frequency 
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«  1| 

appllcationa •  *  Several  papers  have  been  published  on 

the  subject  of  the  tunnel  diode  mixer  using  different 

5-lA 

theoretical  approaches  and  experimental  techniques. 

A  noise  figure  theory  for  the  tunnel  diode  mixer  was  also 
derived  here  Independently  In  late  1959.  It  agrees  quite 
well  with  refs.  6  and  8  but  deviates  a  little  from  5  due 
to  the  approximations  made  In  5.  The  deviation  has  been 
reported  In  refs.  9  and  11.  From  both  the  theoretical 
and  experimental  results  reported,  the  tunnel  diode  mixer 
can  have  power  gain  greater  than  unity  and  also  the  noise 
figure  Is  usually  better  than  that  of  the  crystal  diode 
mixer.  A  measured  UHF  noise  figure  of  2.8  dB  and  power 
gain  of  22.7  dB  when  converting  from  a  signal  frequency 
of  210  Me  to  an  Intermediate  frequency  of  30  Me  at  a 
rather  low  Impedance  level  Is  given  In  ref.  5.  In  rtf.  12 
a  conversion  gain  of  5  dB  was  measured  at  a  signal  fre¬ 
quency  of  3000  Me  using  a  30  Me  Intermediate  frequency. 
The  best  measured  noise  figure  obtained  In  ref.  13  is 
3  4B  at  a  signal  frequency  of  1200  Me  using  a  30  Me 
Intermediate  frequency  with  a  high  but  unstable  gain. 

The  Impressive  performance  of  tiie  tunnel  diode 
mixer  makes  It  a  worthwhile  topic  of  Investigation.  The 
purpose  of  this  study  Is  to  understand  and  optimise  the 
tunnel  diode  mixer  with  respect  to  stability,  power  gala, 
noise  figure,  the  effects  of  the  Input  and  output 
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termlnatlona,  the  bias  and  the  local  oaclllator  voltage, 
etc.  The  emphaala  will  be  on  the  identification  of  the 
noiae  aourcea  and  the  meaaurataent  of  the  correlation  be¬ 
tween  the  aignal  frequency  component  noiae  and  the  inter¬ 
mediate  frequency  component  noiae.  Several  intermediate 
frequency  amplifiera  wibh  high  input  conductance  and  amall 
noiae  contribution  are  introduced  for  the  caaea  idien  the 
output  conductance  of  the  mixer  ia  negative. 

11.  Mixer  Circuita 

A.  Conductance  Matrix 

It  ia  true  that  the  mixer  ia  a  nonlinear  device, 
but  the  nonlinearity  ia  only  important  to  the  local 
oacillator  voltage  and  the  interaction  with  the  aignala. 
The  relation  of  the  amall  aignala  at  the  input,  output, 
image  and  all  the  aide  banda  can  atill  be  repreaented  by 
a  aet  of  linear  equations. 

Suppoee  a  dc  biaa  and  a  local  oacillator  voltage 
ia  applied  to  the  nonlinear  element.  The  conductance  of 
thia  elmnent  will  be  a  function  of  time  and  variea 
periodically  with  the  local  oacillator  voltage.  If  a 
time  reference  can  be  aasumed  audi  that  the  inatantaneoua 
conductance  of  the  nonlinear  element  g(t)  ia  an  even 
function,  the  Fourier  aeriea  repreaentation  of  g(t)  ia 

g<t)  -  go  ^1  **■  ^2  ♦ . 


(2.1) 
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where  la  the  local  oaclllator  frequency.  The  aaaunp- 
tion  of  the  time  reference  la  true  If  the  local  oaclllator 
harmonic  voltagea  are  awo  or  are  correctly  phaaed  with 
reapect  to  the  fundamental.  Thla  aaaumption  la  believed 
to  be  a  good  approximation  for  the  actual  mixer  a. 

If  a  email  rf  aignal  V^^coaCm^t  +  and  a  email 
i.f.  aignal  applied  to  the  mixing 

element  having  a  conductance  g(t) ,  currenta  with  all 
klnda  of  frequenciea  will  exlat.  Thla  can  be  aeen  by 
multiplying  the  rf  and  i.f.  algnala,  reapectively,  by  the 
g(t)  of  (2.1).  The  aignala  of  intereat  at  the  particular 
frequenciea  can  alwaya  be  obtained  by  ualng  tuned  elr- 
culta.  Suppoae  the  frequency  relation  4-  la 

uaed  and  the  rf  Image  and  all  the  aide  banda  are  aborted 
out  by  ideal  tuned  circulta,  the  linear  relatlona  between 
theae  rf  and  I.f.  quantltlea  are 

-  «o''l  ♦ 

(2.2) 

I.  -  *iVi  ♦ 

They  can  be  expreaaed  in  matrix  form  aa 


-  Y 

’i' 

*« 

k  1 

f 


Aigc  II 


is  the  so  celled  "conductance  matrix"  of  the  mlxar.  The 
aubscrlpta  1  and  m  refer,  respectively,  to  the  rf  and  l.f . 
signals,  idiere  X  and  V  are  the  complex  rms  values  of  the 
current  and  voltage.  Equations  (2.2)  and  (2.3)  have  the 
same  form  as  the  current-voltage  relation  of  a  two-port 
network,  but  now  the  input  and  output  are  at  different 
frequencies  and  the  g's  are  the  coefficients  of  the 
Fourier  components  instead  of  a  time  independent  conduct¬ 
ance  in  the  ordinary  circuit  analysis .  Hence  a  mixer 
can  be  considered  as  a  two-port  network.  A  mixer,  having 
signal  current  generator  and  signal  conductance  g^  at 
the  rf  input  and  load  conductance  g^^  at  the  i.f.  output, 
is  represented  by  a  two-port  network  in  Fig.  I. 

The  case  for  mixing  on  a  higher  harmonic  or  mixing 
on  the  fundamental  using  the  frequency  relations  other 
than  ^  derived  in  a  similar  way.^^ 

It  la  well  known  Idiat  the  tunnel  diode  can  be 
represented  by  an  equivalent  circuit  idilch  consists  of  a 
voltage  dependent  conductance  g(V>  in  parallel  with  a 
junction  barrier  capacitance  C,  a  aeries  inductance  L, 
and  a  aeries  resistance  (Fig.  2).  The  above  deriva¬ 
tion  applies  to  the  tunnel  diode  only  whmi  the  R^,  L  and 
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C  are  negligible  or  if  is  very  aoall  and  the  reactive 
elemanta  are  tuned  out  externally.  The  general  equivalent 
circuit  of  a  tunnel  diode  mixer  Including  L  and  C  la 
cooplloated  but  atlll  can  be  derived  In  the  almllar  way.^*^ 
B.  Output  Conductance 

The  output  conductance  of  a  mixer  when  a  signal 
conductance  g^  la  connected  to  the  Input  termlnala  can 
be  obtained  by  aubatltutlng  *■  -  Into  (2«2).  The 
output  eonductaBoe  la  given  by 

*1^ 

®out  *  *0  "  gj,  +  g,  C2.5) 


By  aubatltutlng  y  •  g^^  -  go»  *  ■  ga  *o» 
can  be  written  aa 


X 


which  la  a  rectangular  hyperbola  In  the  aecond  and  fourth 
quadrant  having  the  x  and  y  axea  as  aajnnptotea  and 
vertexes  at  C-g|^,  gj^)  and  (gif  ■•g^}  aa  shown  In  Fig.  3. 

The  dependence  of  upon  g^  will  be  considered 
for  four  seperate  cases.  The  g^^  versus  g^  curves  can 
be  obtained  from  Fig.  3  for  each  case  by  properly  locating 
the  and  g^  axea  as  shown  In  Table  Z. 
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Table  1 


Case 

Location  of 

gg  axis 

Location  of 

gout 

(•>  8o>®  f 

(W  go>0  >  go*<Si* 

y  “  -go 

*-  «o 

CO  go<0  ! 

Cd)  g,<  0  f  g^*^  g^* 

y  «  jgj 

l*o| 

For  convenience  of  later  reference  the  veraus  g^ 
cijrvea  are  plotted  aeparately  In  Fig.  4.  Since  the  Rrlla* 
fomaxla  for  stages  In  cascade  Is  only  applicable  When  the 
output  conductance  of  the  mixer  is  positive,  the  positive 
^out  '*8^°*^*  indicated  by  shaded  areas. 

C.  Input  Conductance 

Analogous  to  the  previous  section,  the  input  con¬ 
ductance  of  a  mixer  when  a  load  conductance  g^^  is  connected 
to  the  output  terminals  can  be  obtained  by  substituting 
B  into  (2. 2)  •  The  input  conductance  g^^  is 

given  by 


«o 


®ln  *  ®o 


(2.7) 
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Equation  (2.7)  Indicatea  that  the  input  conductance  la  a 
function  of  load  conductance  and  the  mixer  conductance 
matrix  elementa,  Friia''  formula  does  not  put  any  condi¬ 
tion  on  the  input  conductance  of  the  mixer,  so  that 
may  have  negative  values*  When  g^^  is  negative,  the 
signal  condtictance  g^  must  be  ehoaw  such  tiiat  (g^  -¥  0 

for  stable  operation* 

D*  Available  Gain 

From  the  terminal  conditions  shown  in  Pig.  1,  ire 

have 

^1  -  ^  -  Se^i  ^m  -  -  <2*8) 


Substituting  (2*8)  into  (2*2)  and  solving  for  V^,  we 
obtain 


_ ^sfl _ 

(So  ♦  6.)  (So  ♦  Si,)  -  Si* 


<*.») 


Thus,  the  power  gain  of  the  mixer  is 


Power  fed  into  load 

G  «  II  .i  »  .iii.*  ■—  —ii  ■  ■■■  B  .  i  i**  ***  ** 

Power  available  at  source 


»«.Sl«1^ _ 

((So  ♦  8,) (So  +  Si,)  -  Si*  I* 


(2*10) 


Vihere  the  1  and  V  are  complex  rma  values* 

For  convenience,  the  current  amplification  factor 
F^  ■  8]^/(8o  **’  8g)  be  defined  and  derived  here  by 
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aubetltutlng  ■*  -  ^lym  C2.9)  and  letting  g^mfjo  , 
Then 

*a  “  *(g"%  g  ^  ^a  ■  "  Ve 

3  2 

1£  8]^  P’  gg  t  the  mixer  circuit  Is  not  uncondi¬ 
tionally  stable,  since  0  can  be  made  infinitely  large  by 
proper  choice  of  g^  and  gj^.  In  other  words,  under  high 
gain  conditions  the  mixer  may  have  negative  Input  con¬ 
ductance  or  negative  output  conductance  or  both.  Also, 
under  these  conditions  the  mixer  noise  figure  may  not 
have  the  minimum  value,  as  will  be  seen  below. 

If  gj^^-<‘  gg^  and  g^^  0,  the  circuit  Is  uncondi¬ 
tionally  stable  and  0  can  not  exceed  unity.  This  Is  the 
ordinary  diode  sdxer  ease  and  will  not  be  dlaouased 

If  go^^  la  positive,  6  can  be  optlmiaed  by  putting 
gl  «  gou^t  one  then  obtains  the  available  gain 


S, 


<: 


0  - 


g.g 


an 


•V  'g^  ♦  g/  (go  ♦  tJsXgo^  +  go8s  '  8l^> 

(2.12) 

It  follows  from  the  results  of  Sec.  II  B,  that  when 
g^  ■  ^^s^opt*^  relation  gpi,^^  0  la  not  always  satisfied. 
If  one  keeps  g^  ■  ^<a^opt»  *out^  ° 


*In  Chapter  III  we  shall  show  that  the  noise  figure  of  the 
mixer  will  have  a  minimum  value  If  g.  >  (g.).^..  « 
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aatlafled  If  and  gj^  meet  certain  requirement  a.  Even 

If  0  g^  «  ^Sg)opt*  available  gain 

6^^  may  not  be  the  optimum  value  at  the  same  time.  It 
should  be  mentioned  that  0^^  may  not  exceed  unity  In  some 

cases. 

There  are  too  many  things  Involved  to  make  a  general 
study  which  concerns  the  optimum  available  gain  (g^  « 
^out^  0  of  course)  and  the  minimum  noise  figure  when 
g^  ■  ^^s^opt*  ^  Investigation  of  the  special  cases  will 
be  made  later  In  Sec.  Vll  E, 

III.  Noise  Theory  of  a  Tunnel  Diode  Mixer 

Let  a  small  pulse  occur  In  the  diode  current  between 
tat  and  t  a  (t  4  dt).  Developing  this  pulse  Into  a 
Fourier  aeries,  we  obtain  an  l.f.  component  acosUg^Ct  •  t) 
and  an  rf  component  -acosu^Ct  -  t).  The  minus  sign  as¬ 
sociated  with  the  r£  component  Is  due  to  the  current 
direction  assigned  to  the  rf  component  and  the  l.f. 
component  as  shown  In  Fig,  1.  When  the  diode  current  Is 
flowing  In  the  same  direction  as  the  l.f.  component.  It 
must  be  In  the  opposite  direction  as  the  rf  component. 

If  the  input  were  also  short-circuited,  acoau^Ct  -  t) 
would  be  the  total  l.f.  noise  current.  But  If  the  Input 
Is  not  short-circuited,  an  rf  voltage  la  developed  across 
the  Input  and  this  gives  an  l.f,  current  by  conversion. 

The  rf  component  current  -acosu^Ct  -  t)  corresponds  to  a 
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current  generator  of  acoeu^Ct  -  t)  applied  to  tiie  Input 
(Fig,  1).  The  amplitude  and  direction  of  the  converted 
l.f.  current  ia  -uF^  which  is  determined  by  Eq.  (2.11)« 

The  input  phase  angle  Is  preserved  when  co^  e  (o^  ±“h 
and  diangea  sign  when  Tlnia,  the  converted 

i.f«  cosqponent  current  la 

-aF^coa  I  4>^(t  -  t)  +  (3.1) 

where  the  plus  sigp  refers  to  a  the  minus  sign 

to  ~  have  neglected  the  circuit  conduct¬ 

ance  g^.  Combining  the  two  l.f.  compon^ts  acoam^Ct  -  t) 
and  (3.1),  the  square  oC  the  amplitude  of  the  total  l.f. 
noise  current  is 


a^  (I  -  2F^coe(«)^T  +  F^^) 


(3.2) 


The  mean-square  noise  currant  can  be  found  by  taking 
averages  over  an  aisemble  and  over  equivalent  instances  T. 
For  shot  noise  only. 


The  reason  is  an  obvious  one,  for  if  we  Integrate  this 
over  a  full  cycle  for  the  case  that  F^  s  0  and  I_(t)«  1 

C  0^ 

is  indepmident  of  t  we  must  get  Schottky^s  theorem 

i^  -  !  d(i  »  2cldf. 
y  * 

•tr 
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We  now  integrate  with  reapect  to  t  end  bear  in  mind 


that 

C 

“ife"  I  I^Ct)  d  ■  average  value  of  I 


-  w 


eq 

(3.i|) 


<T) 


1 

“sr 


/■% 


(t)  coaci:^T  d(u^T)  ■  •  one  half  of 


-  V 


the  flrat  Fourier  component  of  I^Cv) 


(3.5) 


Renee 


-  V 


(3.6) 

This  is  the  mean-equare  value  of  the  idiort-circuit  i.f« 
noise  current  caused  by  the  device.  The  signal  source 
(conductance  g.)  gives  a  Biean«square  short-circuit  i.f. 

O 

noise  current 

g  2 

1/  •  HkTg  df  - i - -  .  avi*  F  *<»  (S.7) 

•  •  (So  +  8,)^  •  “ 

so  that  the  noise  figure  F  is 


p«l+-a-,i  + 


2eIeo‘“  +  F 


qkTg^df 


(- 


c*er  *eo""c 


(3.8) 


which  may  be  written  as 


C3.8a) 


This  BUiy  be  revrittai  aa 


*^+36r  ;®l  [<•  *r  <«o*-  *Mi  !”♦  ♦  *<«o* *i 

gi  V  "a  eo  eo  j 


(3.8b) 


Differentiation  witii  reapeet  to  givea  that  F  haa  a 
Blnianm  value  if 

®a  *  ^®a^opt  *  J  t  (3.9) 

unleaa  (g^,^  -  ag^^gj^  ^  +  g^*)  0 

eo 

and 


i„  r 


^♦'KT  “*5  ‘  *  l«o‘-  **o«I  r*  +  *1*  *<*o-  *1  T^>i 

(3,10) 


^  -  2 


The  condition 


<go^-  2gogi  ♦  gi*)  -  <go-  gj.  T^>  +  Si^  1 1-  (j^)  >  0 


I  ^  r  I  2 

el\  .  —  2  i  «  f  el\ 


(3.9a) 


ia  alwaya  aatiafied  aince  (^el^^eoj  prove  thia. 


obaerve  that  l^('r)  ^  0  and  hence 


^el 


I 

5? 
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I^(t)  coadi^T  dCcd^T)  d((i:^T) 


tr 


-  n 


•ir 


The  result  leads  to  the  well-known  diode  formula  If  ap- 
plied  to  a  vacuum  tube  diode  mixer  by  changing  a  Into 
e4kTg||^('c)df  Instead  of  2eI^(T)df,^^ 

IV.  Total  System  Noise  Figure  of  a  Receiver 
A.  Positive  Mixer  Output  Conductance 
If  the  output  conductance  of  the  mixer,  Sou^t  I* 
positive,  the  total  system  nolsa  figure  can  be  ob¬ 
tained  by  Friis*  formula 


tot 


«  F  4 


(*♦.1) 


Here  F  Is  the  noise  figure  of  the  mixer,  6^^  Is  the  avail¬ 
able  gain  of  the  mixer  and  F^  ^  is  the  noise  figure  of 
the  first  l.f •  stage.  Since  the  gain  of  the  first  l.f. 
stage  Is  usually  large,  the  contribution  to  the  total 
system  noise  figure  from  stages  occurring  after  the  first 
l.f.  stage  can  be  neglected.  This  Is  the  reason  that 
(^.1)  contains  only  the  noise  figures  of  the  mixer  and 
the  first  l.f.  stage.  Equation  (4.1)  shows  that  the  mixer 
available  gain  plays  a  very  Important  role  In  determining 
the  total  system  noise  figure  of  a  receiver.  For  better 
total  system  noise  figure  the  mixer  should  have  not 
only  low  noise  figure  but  Also  high  «vall«ble  gain 
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at  the  same  time  in  order  to  reduce  the  nolae  contribution 
from  the  flrat  i.f «  atage. 

If  la  aufficiantly  large,  F.  Then 

can  be  minimised  by  ■inimislng  P  if  0^^  haa  not  been 
affected  much. 

If  the  mixer  available  gain  is  leas  than  unity 
(actually  a  power  loaa),  the  noise  of  the  first  i.f.  atage 
might  become  important.  We  can  best  minimise  P^^^  by 
operating  the  mixer  having  minimum  noise  figure  and 
mascimum  available  gain  at  the  same  time,  but  this  is  not 
always  possible.  P^^^  can  approximat^y  be  minimised  by 
minimising  F  and  taking  the  value  of  that  is  obtained 
under  that  condition.  Usually  there  is  little  difference 
between  the  value  of  P^^  that  is  thus  obtained  and  the 
value  obtained  by  minimising  (4.1)  accurately. 

It  is  understood  that  is  positive  only  under 
certain  conditions  whldi  were  discussed  in  Sec.  II  B. 

B.  Negative  Mixer  Output  Conductance^^ 

If  the  output  conductance  of  the  mixer  is  negative, 
the  available  gain  of  the  mixer  can  not  be  defined.  There¬ 
fore  Priis'  formula  is  no  longer  applicable.  A  general 
expression  for  P^^  if  0  la  very  difficult; 

eapeclally  since  one  has  to  satisfy  the  condition 
(gout  ■*’  0  1**  that  case  in  order  to  have  stability. 

In  this  section  several  topics  concerning  the  tunnel  diode 
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mixer  output  loading  and  Ite  nolae  effect  will  be  atudled. 
Two  low-nolae  load  conduetancea  and  two  total  ayatem 
nolae  flgurea  of  the  tunnel  diode  mlxar  plua  a  apeclal 
l»f«  amplifier  are  dlacuaaed. 

!•  Loading  the  Tunnd.  Diode  Mixer  Output 
With  a  Low»Nolae  Load  Conductance 

It  will  be  ahown  that  feedback  can  provide  a  low- 
nolae  output  load  for  a  tunnel  diode  mlxar«  Two  dreulta 
will  be  dlaeuaaedi 

a.  Feedback  from  a  capacitance  In  the 
anode  lead  of  a  trlode 

The  circuit  la  ahown  In  Pig.  5a.  It  la  eaally 
damonatrated  that  the  Input  admittances 

1  Cl°2  ^1 

♦  8.  ♦  «  »•» 

The  apparent  Input  capacitance  C  can  be  removed  by  tuning, 
ao  that  only  the  conductance  g  remalna.  By  appropriate 
choice  of  and  thla  conductance  can  vary  between  0 
and  the  trana conductance  g^^  of  the  trlode. 

To  determine  the  nolae  temperature  T^  of  g.  we  t\im 
to  Fig.  5b.  The  nolae  of  the  tube  la  reprea anted  by  an 
emf  J  ^ki^di  In  aerlea  with  the  grid  and  a  curroit 
generator  j[2el^<lf  in  parallel  to  the  grid.  The  flrat 
term  representa  the  tube  noiae  and  theaecond  term  the 
Induced  grid  nolae;  both  terma  are  conaldcred  to  be 
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independent*  It  is  easily  demonstrated  that  the  mean 
square  value  i^^  of  the  noise  currant  floiring  in  the  lead 
short-circuiting  the  input  is  given  aat 

m  kysnL^dtg^  +  2el^df  (*1.3) 

Equating  i^  m  4kr^gd£,  one  obtains  for  the  noise  tempera¬ 
ture  of  gt 

-  «t.8  ♦  ^  W-*) 

which  has  a  nlninum  value; 

Taking  representative  values  like  »  250  ohms,  T  s 

300«K,  «  5  pA  at  30  Me  yield:  -  93*K  at  g^^p^  * 

0.62  X  10"^  odios,  ■  104*K  at  g  •  10’^  nhos  and  • 

-3 

300”K  for  g  a  3.9  x  10  idios.  This  example  indicates 

that  relatively  *'cool'*  loads  can  be  obtained  as  Img  as 

-3 

the  conductance  does  not  exceed  10  mhos,  but  that  the 
load  becomes  noisy  if  the  conductance  g  becomes  too  large* 
b*  Feedback  from  an  inductance  in  the 
cathode  lead  of  a  triode 

The  circuit  is  shown  in  Fig.  6a ;  may  either  be 
the  cathode-grid  capacitance  or  may  be  increased  by 
adding  an  external  capacitance,  is  the  cathode  lead 
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Induetanoa*  A  calculation  ahowa  that  the  input  adaittance 

ia 


^  ^  ■  8  ♦ 


j«C 


ttdiere 


ttC 


(I  . 

«0„a  .  Ac.) 


<<•.«) 


£t 


~C  eg* 


<1 .  A  c  )*  +  W^)*  ’ 


8 


Ac 


a  -  A^c^g)2  +  («L^g^)2 


(4.6a) 


Equation  (4,6)  ia  valid  under  all  load  condltlona  except 
when  the  output  ia  open- circuited.  The  apparent  capaci¬ 
tance  C  can  be  eliminated  by  tuning,  ao  that  only  the 
conductance  g  remaina.  For  a  certain  value  of  g  haa 
an  optlmim  value  g^^p^.  Diffarentiating  the  cxprcaaion 
for  g  ahowa  that 


®  "  ®opt  “  3  *a 


coC 


‘  J  *.*  +  "^cg*  -  “®c,> 


for 


(oL 


.2^  2 


(4.7) 


Aa  long  aa  w  g^^  ,  thia  axpreaaion  raducaa  to: 


for 


(4.7a) 
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mO 

Taking  gji^  ■  10  ohoa,  £  a  30  Me;  a  10  (iiif,  then 
g  ^  10*^  odioa  at  0.5  (th.  At  higher  frequencies  or 
for  larger  values  of  one  can  do  considerably  better. 

To  detertnlne  the  noise  temperature  T^  of  g,  turn 
to  Fig.  6b.  The  noise  of  the  tube  Is  represented  by  a 
nolee  current  generator  1^  a  JiIwRjjdfg^  In  parallel 
to  and  a  noise  current  generator  J2el^df  In 
parallel  to  the  latter  term  represents  the  Induced 
grid  noise.  Both  noise  generators  are  considered  to  be 
Independent. 

It  can  be  shown  from  Fig.  6b  that  the  mean-square 
value  1^^  of  the  noise  current  flowing  In  the  lead  short- 
circuiting  the  Input  Is  given  as: 


1  * 

1 

'a  -  <»Vcg>*  + 

(4.8) 


Equation  (4.8)  Is  also  valid  under  all  load  conditions 
except  when  the  output  la  open-clrculted.  Equating 
1^^  a  4kr^gd£,  yields  for  the  noise  temperature  T^t 


(i  + 

■  ■  y  ^ 

“Vcg*. 


(<i.9) 


Considered  as  a  function  of  L^,  T^  has  a  minimum  value 

c’  n 

«n>iidn‘ 
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tor  «*toOeg«« 


,  I  •"< 

i  »f  V  ♦ 


1£  <<,  RjjT,  thlf  MduoM  to 

«n>idii  •  *  J  *"  “**'e®eg««  “ 

(ti.lOa) 

Siibatltuting  Into  the  expreaslon  for  g  of  (^•6a>  yielde. 


«-  * 


Opt 


W.lOb) 


Subetltuting  ■  250  ohme,  C^g  *  10  w»£;  «  5  i»a 

at  f  ■  30  Me  and  T  =  300®K  ylelda  (Tn)niin  “  ^***^ 
g  m  0»60  X  10*^  mhos  for  0,17  |ih. 

The  conditions  for  Eqs.  (**,10a)  and  (^»,10b)  are 
satisfied  within  10%  compared  with  the  exact  expressions. 
Moreover,  since  I  is  proportional  to  «  ,  the  conditions 
ere  reasonably  well  satisfied  over  a  reasonably  wide 
frequency  range.  As  a  consequence  the  two  cases  dis¬ 
cussed  In  this  section  give  approximately  equal  results. 

The  result  of  our  discussion  Is  therefore  that 
reasonably  low  equivalent  noise  temperatures  can  be  ob¬ 
tained  at  30  Me  for  output  load  conductances  up  to  about 
10*^  sfios.  Such  low^nolse  load  conductances  may  stabilise 
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tunnel  diode  mixer •  vitli  negative  output  conductanoea 
and  reduce  the  noiae  figure  of  mixer  plua  load. 

2.  Noiae  Figure  of  a  Tunnel  Diode  Rixmf 
with  a  Feedback  l.P«  Stage 
We  now  conaider  Idle  aituation  in  which  the  low- 
noiae  output  load  ia  not  made  with  the  help  of  a  aeparate 
atage,  but  in  which  the  feedback  ia  taken  from  the  cathode 
lead  of  the  firat  i.f.  atage.  The  noiae  of  the  "low*noiae 
load"  ia  th«i  correlated  with  the  noiae  of  the  firat  i.f. 
atage  ao  that  both  have  to  be  taken  into  account  together. 

The  circuit  ia  ahown  in  Fig.  7.  The  noiae  of  the 
mixer  atage  ia  repreaented  by  a  currmit  gmerator 

j  ^kTFg^Sr  in  parallel  with  the  output  conductance 
^out  mixer.  Here  ia  the  mixer  current  gain. 

F  the  mixer  noiae  figure,  g^  the  aource  conductance!  the 
output  conductance,  of  the  mixer  may  be  negative. 

The  noiae  of  the  i.f.  atage  ia  repreaented  by  a  currant 
generator  J  2eI^A  connected  between  grid  and  cathode 
and  a  current  generator  i^  ■  J  UldTR^jgjj^df  between  anode 
and  cathode.  The  tuned  circuit  impedance  ia  repreamted 
by  the  conductance  g  and  the  tuning  ia  repreaented  by 
the  poaitive  or  negative  capacitance  C^.  ia  the 
cathode  inductance  that  auppliea  the  feedback  and  ia 
the  (internal  <«■  egctemal)  capacitance  between  grid  and 
cathode. 
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Introducing  the  following  dreult  parametera 
■  *o»t  ♦  ’'tot  “ 


’eg  -  J“®cg  »  ’c  -  1/<J“V 

one  obtalna  the  following  contributione  to  the  i&ean<>8quare 
value  of  the  nolae  current  flowing  in  the  ahortoeirettited 


output  lead! 


a) 

Mixer  noiaei  F.^hkT?g.df 

’2' 

z. 

(h.lS) 

C  0 

^tot 

b) 

The  circuit  noiaet  hkTg^df 

V  j 

2 

(h.lh) 

^tot 

c) 

Induced  grid  noiaet 

1 

^^eq  «  j 

2  V  *  7 

*tot 

I 

(4.15) 

d) 

Tube  noiaet 

I ’in  ^  «•«> 


The  themal  nolae  of  the  aource  oonductanoe  g^  of  the 
■ixer  givea  a  contribution 

Y  "  2 

^Wg.df  <^».17) 

®  ■  *tot 
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to  Adding  Eqt,  (4.13)  -  (4.16)  and  dividing  by  (4.17) 

givaa  for  the  total  noiaa  figura  ainca  (a/2l(T)fs^  20i 


F 


tot 


•  P  •f 


♦  20  (I  - 


***'c®l’*  ♦ 


*B  I  “0.g  ♦  “Cid  -  <A,^C^g)|  *  ♦ 


(4.18) 


Sinca  F,  and  ara  fixed,  one  haa  to  Ohooaa  and 

aacfa  that  ia  minimiaad. 

c  vox 

It  ia  now  generally  true  that  20  ®n^“®cg^^* 

For  taking  the  following  representative  values t 

■  250  ohms,  1^  »  5  pA  at  f  «  30  Me,  C^g  ■  10  ppf, 
one  obtains  *»  9  x  10”^  and  20  ■  10*^,  Since 

and  both  vary  as  the  inequality  holds 

over  a  wide  frequency  range.  Considered  aa  a  function 
at  P^^  ia  practically  mininised  if 

“®C3  +  -  “*Vcg>  *  ®- 


Subatituting  into  Eq.  (4.18),  one  obtains 

20  1, 


'tot  •  '  * 


I  r  » 

— t  g«  *  —  ■  ] 

F  ®  (1  •  C  )‘ 

c  ®a  4,  w  **0  eg 


♦  <«oot*8c>*  j  S«a.«Vcg>*+» 


(4.20) 


Pagt  30 


1£  <1  -  “%Ccg)  ^  I  and  20  thia  «- 

preaalon  may  ba  wrlttan: 

'tot-'  +  rV  f  «e  +  »  *«,  ♦  +  *» 

c  *a  V,  J 

6.20a) 

Which  la  indapandant  of  L^.  In  flrat  approximation  ona 

has  tharafora  that  tha  total  nolaa  figure  la  the 

aama  aa  without  faadbackf  the  only  effect  of  tha  feedback 

than  la  that  It  dampa  tha  output  circuit  of  the  mdbcer. 

We  atlll  have  to  prove  ti)e  above  conditlona.  We 

aaw  in  the  prevloua  aectlon  that  a  load  conductance  of 
«3 

about  10  ohoa  could  be  obtained  at  30  Me  for  0^^  « 

eg 

10  VHif  and  ■  0.5  tih.  If  In  addition  ■  250  ohma  and 

«  5  pA  at  30  Me,  one  obtaina  (1  •  •  0.82 

C  C|l 

«d  20  «  3.6  X  10*^  ao  that  both  conditlona 

are  reaaonably  well  aatlaflad. 


If  la  negative,  we  have  two  poaalbilltlea: 


a)  We  can  take  g^  « 
Ita  limit  of  atabUlty. 


**  ^out  ^Xng  the  circuit  to 


In  that  eaae,  alnca  g„ut“"  \  *out 


b)  We  can  atablllae  the  circuit  with  the  help  of  feed* 
back  ao  that  the  Input  conductance  of  the  flrat  l.f. 
atage  aquala  Thia  brlnga  the  circuit  alao  to  tha 

limit  of  Ita  atablllty,  but  It  haa  now  lower  nolaa,  alnoa 
It  la  given  by  Bq.  (A. 20a). 
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Subatltttting  g^  ■  <i  x  10“^  nhoa,  »  5  nA,  g^^  • 

«  10**^  ohoa  and  ■  250  ohma  givaa  for  the  form  between 

mit 

taracketa  in  Eq«  (A, 20a). 3, 7  x  10  ,  idiereaa  the  correa- 

•mil 

ponding  form  between  bracketa  in  Eq.  (4.21)  is  11  x  10  . 

The  damping  of  the  output  circuit  with  the  help  of  feedback 
ia  thua  auperior. 

The  effect  of  the  noiae  of  the  output  load  ia  often 
not  vary  large,  however.  Taking  repreaentative  valuea 

*'min  “  8a  •  ^  ^oat  “ 

«  10*^  nihoa  givea  ■  ^*55  from  (4,21)  and  ■  4.18 

from  (A  •20a).  .  large  differencea  will  be  obtained  if 

ia  aMller. 

3.  Noiae  Figure  and  Power  Gain  of  a  Tunnel 
Diode  Mixer  Followed  by  a  Grounded  Grid 
I.F.  Stage 

Since  the  grounded  grid  atage  haa  a  high  input 
conductance  (  ^  g^^  over  a  wide  frequency  range) ,  it  will 
be  uaeful  to  have  a  tunnel  diode  mixer  followed  by  a 
grounded  grid  atage  to  aatiafy  the  at ability  condition 
(gout  8a|)^  0.  The  noiae  equivalent  circuit  of  a 
tunnel  diode  mixer  followed  by  a  grounded  grid  i.f •  atage 
ia  given  in  Fig.  8  idicre  ia  the  tuning  capacitance. 

From  Fig.  8  we  obtain  the  correaponding  mean-aquare 
noiae  current  at  the  input  from  the  varioua  noiae  aourcea. 
The  noiae  contribution  of  the  output  load  of  the  grounded 
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grid  atage  la  alao  Included  becauae  of  l^e  nearly  open- 
circuited  Input  of  the  grounded  grid  atage  thla  can  not 
be  Ignored. 


a) 

Mixer  nolaes 

FI|kTg,(J£P^* 

(4.22) 

b) 

Input  circuit  nolae t  4kTg^df 

(4.23) 

c) 

Induced  grid  nolae: 

(4.24) 

d) 

Tube  nolae:  ^kTR^df 

V  +  1^  ^*out  ®c^ 

(4.25) 

2 

Where  the  factor  ia  due  to  the  connection 

of  the  tube  nolae  eaf  In  the  cathode  lead  Inataad  of  the 
grid  lead. 

e)  Load  conductance  nolae t 


4krgj^df 


'«0ttt  *  8c  ♦  and  ViO 
.  g„a  +  1/|»> 


'2 


(<«.26) 


Equation  (4.26)  can  be  obtained  aa  followai  The 
current  aource  ^  ^kTg^df  correaponda  to  a  voltage  e^  « 
iikTg^df  /  gjijCl  l/p)  at  the  Input  aa  ahown  In  Pig.  8. 
The  voltage  e.  correaponda  a  current  aource  of  (4.26)  In 
parallel  with  a  conductance  l/ioj  . 

Thla  la  correct  alnce  the  Input  conductance  of  the 
grounded  grid  atage  la  g^(l  *  l/p)  when  the  output  la 


ahort-clroulted. 
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The  nolts  flgurs  it  thtrtfort 


*  -  i  '*■*0*  ] 

Ve  > 

1  r  f*out*«c  ♦  ) 

*^?7lM-*’^T^rTT7i3 - ) 


(A.  27) 


Where  repretente  the  Induced  grid  noite,  the  tube 
nolae,  ti  the  empllflcatlon  factor  of  the  trlode,  g  the 
input  tuned  circuit  conductance,  g^^  the  tube  tranacon- 
ductance,  Whereaa  F,  g^,  F^,  g^^  and  g^  have  the  ueuaX 
neaning. 

The  laat  tern  in  (4.27)  ia  not  negligible.  For 

elnce 

[sout  *  ^c*  8n<l+ !•/»*>  j  ^  [gn(l  +  ^ 

ia  uaually  near  unity,  loading  the  output  circuit  of  the 
grounded  grid  atage  haa  about  aa  au^  effect  upon  the 
noiae  figure  of  the  aixer  aa  loading  the  output  circuit 
of  the  mixer  directly. 

If  the  output  of  the  mixer  had  been  loaded  by  the 
conductance  8^  *■  -  8g^^  aaaume  here  g^^  to  be 
negative)  and  the  aame  trlode  had  been  uaed  in  a  caecode 
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circuit ,  the  ndae  figure  would  have  be«it 


(4.28) 


and  the  circuit  would  be  at  its  limit  of  stability. 

As  an  example  take  1^^  ■  5  iiA  at  30  Me,  g^^  « 

•10~^  nihoa,  »  250  ohoM,  gg^  ■  10"^  mhos,  (1  *  l/p)  »  1, 

«il  mU 

g^  ai  0.5  X  10  mhos  in  Eq.  (4.27)  and  t>  x  10  nohoa, 

then  the  factor  betweet  brackets  in  Eq.  (4.27)  has  the 
•1* 

value  7  x  10  tdiereas  the  factor  between  brackets  in 
Eq.  (4.28)  has  the  value  11  x  10*^.  The  two  forsM  be¬ 
tween  brackets  are  practically  equal  if  |  g^^  |  /^outj 

"  (*out|  • 

The  grounded  grid  i.f.  stage  thus  gives  less  con¬ 
tribution  to  the  noise  figure  than  the  dai  ping  I  g^  I  , 
and  in  addition  stabilises  the  circuit. 

The  power  gain  of  this  combination  is  defined  as 
the  ratio  of  the  power  the  load  g^^ 

to  the  available  power  i|||fi|||gV4gg  of  the  signal  source 
at  the  input  of  the  mixer.  Here  the  current  generator 
in  parallel  witii  a  conductance  g^  represents  the 
mixer  al^ial  source.  Then  a  ^  using  the 

definition  of  the  current  amplification  of  the  mixer. 

In  calculating  the  voltage  developed  across  gj^ 
due  to  a  current  aurce  at  the  input  of  the  grounded 
grid  stage,  the  equivalent  circuit  shown  in  Pig.  9  applies. 
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Tha  following  aquatlona  can  ba  wrlttant 
■  *»<1  ♦  ^  *2 
Ij  -  -  g,<l  ♦  i)V^  ♦  i  Vj 


^1  “  *a  "  *ottt^l 


-«L^2 


(4.29) 

(4.30) 

(4.31) 

(4.32) 


Fro«  Bqa.  (4.29)  (4.32),  can  ba  obtainad. 

whara  D  .  ♦  l)g^  4  ♦  W^gout 


(4.33) 

(4.33a) 


Putting  m  ^c^oM*  power  dallvarad  to  tha  load  la 


V2  «L  - 


ga(p  *  1) 
D 


Then  the  power  gain  of  a  tumel  diode  mixer  followed  by 
a  grounded  grid  atage  is  obtained  by  dividing  (4.34)  by 
the  available  power  ^^iBgV4g,  of  the  mixar  ai^ial 


aourca. 


^  ; 


tt.SS) 


whare  D  la  given  by  (4.33a).  Equation  (4.35)  can  be 
written  aa 


••Ml 


(«1<1 


♦ 


) 


♦59^] 


l^\ 

\*0*«.  I 
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^  ^  (i|.36) 

Sine*  w*  aaaum*  to  be  negative ,  6  will  becone  in¬ 
finitely  large  if  gj^  ia  dioaen  auoh  that  the  form  betwem 
the  braoketa  in  the  denominator  of  (4.36)  la  aero,  !•*• , 


(4.37) 


^  ♦  ‘ft 

-3 


Aa  an  example,  take  g^^  ■  .  10  ahoa,  p  ■  30  and  g^  m 

-2  -5 

10  ^  nhoa,  then  3.6  x  10  nhoa.  Thia  amall  value 

of  gj^  will  lead  to  amall  bandwidth  and  reduce  the 

magnitude  of  tiie  input  conduotanee  of  the  grounded  grid 

-4 

l.f  •  atage.  Suppoae  we  take  g^^  ■  4  x  10  ahoa ,  then 


«L^> 

aa 


iissid 


p  ♦  1 


and  0  of  (4,36)  can  be  approadmately  written 


_5l-  V 

““  «L  \  «o  ♦  «.  ) 


(4.38) 


idiich  may  atill  have  a  reaaonable  value.  Hoice  thia  ia 
a  reaaonable  "aaf  e"  circuit  unleaa  gj^  la  chooentpo  amall. 
V,  Parametera  of  a  Tunnel  Diode  Mixer 
It  becomea  obvioua  by  exaakining  the  expreaaiona 
for  the  noiae  figure,  available  gain  and  output  conduct¬ 
ance,  etc.  ,  that  both  the  magnitude  and  the  aign  of  the 
parametera  Z^,  g^  and  gj^  play  a  very  important  role 
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in  determining  the  operation  of  a  tunnel  diode  mixer.  A 
properly  choaen  aet  of  parameter*  will  give  the  optimum 
reaulta.  The  parameter*  and  are  Fourier  component* 
of  the  inetantaneou*  equivalent  ahot  noiae  current 
and  g^  and  gj^  are  Fourier  component*  of  the  inetantaneou* 
conductance  g(t)  of  the  tunnel  diode,  defined  by  the 
equation* 

I*qCt)  -  1.0  ♦  “el®®*  V  *  “e2®®*^V  . 

g(t)  •*  go  4*  Pgj^eoata^t  *  2g2CO*2c^t  •••••..  (5.2) 

Theae  parameter*  are  a  function  of  the  dc  biaa,  the  local 
oaeillator  voltage  amplitude  and  the  ahape  of  the  current- 
voltage  curve  of  the  tunnel  diode  a*  ahown  in  Pig.  10  and 
Bq*.  (5.1)  and  (5.2).  A  number  of  different  way*  can  be 
uaed  to  determine  them,  e.g. ,  (i)  Match  the  current- voltage 
curve  by  a  mathematical  eqtiation  and  calculate  the 
parameter*  by  Fourier  analysi*  with  the  aid  of  digital 
computer*.  *  (ii)  Determine  the  parametere  from  i.f. 
maaaurement*  of  g^^  and  a*  a  function  of  the  aignal 
conductance  g.*  (iii)  The  parameter*  g.,  gj^,  ^2* 
can  be  determined  by  the  meaeured  data  of  Fourier  com¬ 
ponent*  of  the  tunnel  diode  current  becauee  of  their  cloee 
relationehip.  Two  method*,  u*ed  in  thi*  report,  in¬ 
volving  only  the  noiee  mea*ur«m*nt  equipment*  and  a 
graphical  analyeie,  will  be  illuetrated. 
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A,  Qraphical  Method 

At  vft  know  £rom  the  prevloua  chaptera,  when  the  do 
talaa  and  the  local  oaelllator  voltage  la  applied  to  a 
tunnel  diode,  the  equivalent  ahot  nolae  current  and 
the  conductance  g  will  vary  periodically  with  the  local 
oaelllator  voltage.  Theae  periodic  funetlona  (l.e.,  1^ 
va.  (d^t  and  g  va.  Cii^t)  for  a  given  aet  of  1^  *  V  curve, 
g.V  curve,  dc  blaa  and  local  oaelllator  voltage  can  be 
aaally  obtained  aa  ahown  In  Fig.  10.  Making  a  Fourier 
analyala  for  theae  funetlona,  the  parametera  are  detandnad* 
For  the  particular  eaae  of  Flg»  10,  tha  aigna  oC  the 
paranatera  are  all  poaltlve. 

Similarly,  the  magiltudea  and  the  aigna  of  the 
parametera  under  other  operating  condltlona  can  be  found. 

The  aigna  of  the  parametera  are  rather  Important 
in  tunnel  diode  mixer  operation.  It  will  be  very  uaeful 
If  a  algn  rule  la  available  for  eadi  apecifled  operating 
condition.  Unfortunately,  the  and  g«V  curvea  can 

hardly  be  defined  preclaely  except  by  actual  plcturea  or 
rlgoroua  mathematical  equationa.  Alao  the  aigna  a£  the 
parametera  aometlmea  are  ao  critical  that  It  will  be  dlf* 
farant  by  a  alight  change  In  the  I^*V  curve,  the  g-V 
curve,  the  dc  blaa  or  the  local  oaelllator  voltage  amp¬ 
litude.  Therefore  the  Bu>at  reliable  way  la  to  detemlna 
the  aigna  of  the  parametera  for  each  Individual  oaae. 
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IVom  the  Fourier  aeriee  daflnitlona  of  (5.1)  and 
(5,2}  and  the  gra{Alcal  analyals  experience,  the  effeota 
of  the  ahape  of  the  I_-V  and  the  g-V  curvea  on  the 
parametera  can  be  concluded*  Suppoae  the  tunnel  diode 
ia  biaaed  at  the  vicinity  of  the  valley  point  for  anall 

And  the  1_«V  and  the  I-V  curvea  coincide  in  thia 
eo  eq 

operating  region  aa  ahown  in  Fig.  10. 

If  the  negative  reaiatance  region  of  the  I-V  curve 
doea  not  exiat  and  the  curve  riaea  very  ateeply  to  the 
right  of  the  valley  point,  large  valuea  of  idii^ 
naana  large  nolae  correlation,  can  be  obtained.  But  at 
the  aame  time  gj^  will  be  amaller  than  g^  which  ia  unde- 
alrable  for  it  leada  to  a  gain  leaa  than  unity.  It  ia 
the  ideal  caae  for  the  ordinary  diode  mixer. 

If  the  negative  reaiatance  region  to  the  left  of 
the  valley  point  ia  very  pronounced,  then  g^  will  be 
larger  than  g^  with  amaller  and  larger  1^.  Thia  ia 
undceirable,  for  amaller  meana  amaller  correlation 
and  larger  meana  larger  background  noiae. 

From  the  above  atatementa,  it  ia  clear  that  an 
idealised  I-V  curve  idiicb  could  aatiafy  the  conditiona 
of  large  large  gj^,  aaiall  and  amall  I^^ 

(i.e.,  low  noiae,  high  gain  mixer)  at  the  aame  time,  can 
not  be  defined. 
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B.  EicDTiaantal  Mathod 

From  Eqa.  (3.6)  and  (3,7),  the  equivalent  ehot  nolaa 
currant  at  the  output  of  the  tunnel  diode  mixer  !■ 

+  ¥  *.'c*  «•« 

idiere  s  g-^/Cg^  *  g^).  Equation  (5,3)  indicatee  that 

w  when  the  input  ia  ahort-eircuited.  Uaing  the 
eq  60  * 

noiae  meaaurement  techniquea  described  in  Chapter  VIII 
and  the  method  ef  meaauring  F^,  the  parameters  I^o*  ^el* 
or  the  correlation  term  can  than  be  determined  from 

(5.3) 

To  develop  a  method  of  meaauring  F  ,  we  refer  to 
Fig«  11«  The  output  termlnala  22*  are  connected  to  the 
preamplifier  of  the  noiae  meaaurement  equipment,  g^  and 
g^  are  the  tuned  circuit  conductances  at  frequencies 
and  (d^  respectively.  When  tiicre  is  a  signal  conductance 
g^  which  will  be  included  in  g^.  i^j^  and  id2  are  the 
rms  values  of  noiae  diode  curroita  at  the  input  and  out¬ 
put  reapectively.  I^j^  and  1^2  equivalent 

saturated  noise  diode  currents  at  the  input  and  output 
reapectively.  Wrcm  the  network  theory,  we  have 

♦  «l’2 

Ij  •  *  <g,  ♦ 


(S.H) 
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Suppoae  there  ia  a  noiae  diode  current  flowing 
Into  the  Input  termlnala,  only  the  voltage  component  of 
will  exlat  becauae  the  Input  la  tuned  to  the  Input 
frequency  If  the  output  la  ahort-clrculted,  the 
Intermediate-frequency  currant  la 

**  ■ 

If  the  abort  circuit  la  removed,  thla  current  will 
flow  Into  the  parallel  combination  of  the  output  conduct¬ 
ance  of  the  mixer  and  the  load  conductance  g^.  The 
voltage  developed  acroaa  the  output  termlnala  will  be 
proportional  to  the  output  ahort-clrculted  current  l2» 
Since  the  output  termlnala  are  connected  to  the  preamp¬ 
lifier  of  the  noiae  meaaurement  equipment ,  the  deflection 
on  the  aquare  law  detector  will  be  proportional  to  the 
aquare  of  l2« 

Similarly,  when  the  noiae  diode  current  l^j^  la  re¬ 
moved  and  If  the  noiae  diode  current  1^^  allowed  to 
flow  Into  the  parallel  combination  of  the  output  conduct¬ 
ance  of  the  mixer  g^^  and  the  load  conductance  g^^,  the 
deflection  on  the  aquare  law  detector  will  be  proportional 
to  the  aquare  of  l^^*  ^  adjuat  1^2  until  the  defleo- 

tlona  on  the  aquare  law  detector  due  to  l^j^  and  1^2 
the  aama,  then  we  know  1^2  "uat  equal  to  I2  of  (5,5)  and 
obtain 
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(5.6) 


VI.  CharecterletlCB  of  TunndL  Dlodee 
A.  Current»Voltage  Curves 
1.  1«V  Curve  Tracer^ 

The  circuit  diagram  oC  tiie  tunnel  diode  Z*V  curve 
tracer  la  llluatrated  in  Fig.  12. 

The  total  dc  realatance,  aeen  by  the  tunnel  diode 
ia  the  amm  o£  the  tunnel  diode  series  resistance  Rj^ 

in  parallel  with  the  dc  source  resistance.  Rg  should  be 
leas  than  the  absolute  value  of  the  negative  resistance, 

R,  of  the  tunnel  diode  in  order  to  avoid  switching.  This 
can  be  explained  by  dratdng  two  load  lines  with  the  slope 
«l/b^  passing  through  the  peak  point  and  the  valley  point 
of  the  1-V  curve. 

The  total  ac  resistance,  R^',  seen  by  the  tunnel 
diode  ia  the  sum  of  R^,  R^  and  R^  in  parallel  with  the  ac 
source  resistance.  R.^'  should  be  greater  than  X/RC  to 
avoid  oscillation.  Here  L  ia  the  total  circuit  Inductance 
including  the  tunnel  diode  inductance  and  C  is  the  total 
circuit  capacitance  including  the  tunnel  diode  capacitance. 
The  condition  can  be  obtained  by  setting  the  self -resonant 
frequency  f ^  ^ larger  than  the 

1  /  o 

resistive  cut-off  frequency  f^^  ■  IFin?  J  -  1  of  the 
tunnel  diode. 
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The  variable  reaistance  Rj^  in  the  circuit  la  provided 
for  the  adjuatment  of  the  total  dc  and  ac  realatance  to 
aatlafy  the  above  two  eondltlonat  (1) 
l/RC  < 

Dleplaylng  the  I-V  curve  of  tunnel  diode  on  the 
oacllLoacope  la  not  alwaya  an  eaay  taak  eapeclally  for 
thoae  dlodea  having  higher  peak  current  valuea.  For  higher 
peak  current  valuea  oieana  email er  R,  which  makea  the  dla— 
playable  region  amaller.  The  total  circuit  Inductance 
ahould  be  kept  at  a  minimum*  If  the  Inductance  L  la  greater 
than  the  dlaplayable  region  will  not  exlat. 

2.  i-v  Curvea  of  the  Tunnel  Dlodea 
The  I«V  curvea  of  eight  typea  of  tunnel  dlodea  are 
ahown  in  Flga*  13  and  14*  The  upper  half  of  eadti  picture 
la  the  forward  voltage  characterlatlc  and  the  lower  half 
la  the  reverae  voltage  ^aracterlatlc.  Theae  plcturea 
were  taken  ualng  our  aample  No.  1  of  each  tsrpe*  From  now 
on  unleaa  otherwlae  atated  all  the  tunnel  dlodea  are  our 
aample  No*  1*  The  ^ape  of  the  I-V  curve  of  the  aame  typ% 
tunnel  diode  may  be  quite  different  from  one  aample  to 
another  and  ao  la  the  noise  of  the  tunnel  diode*  Therefore 
a  complete  knowledge  of  the  I-V  curve  and  the  noise  of  each 
tunnel  diode  is  necessary  before  any  further  theoretical 
and  experimental  Investigation  becomes  useful* 
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A  comparison  of  (a)  and  (d)  of  Fig.  13  will  Indicate 
the  I-V  curves  have  almost  the  same  shape  but  the  two 
vertical  (current)  scales  differ.  Suppose  these  two  tunnel 
dlodea  show  full  shot  noise  and  have  I-V  curves  of  exactly 
the  same  ahape.  If  they  both  are  operated  with  the  same 
bias  and  local  oscillator  voltage  as  tunnel  diode  mixers, 
the  same  noise  figure  and  available  gain  will  be  obtained 
except  at  different  Impedance  levels.  The  one  that  has 
Idle  lower  current  value  will  operate  on  the  higher  Impedance 
level.  This  can  be  seen  by  evaluating  the  change  of  the 
parameters  and  nhich  detenalne  the  mixar 

operation. 

The  loV  curves  of  Figs.  13  and  14  covered  a  wide 
range  of  peak  currents,  valley  currents  and  different  I-V 
curve  shapes.  From  the  dlsouaslon  In  the  last  paragraph, 
the  theoretical  and  experimental  results  of  the  mixer 
operation  of  any  one  of  the  tunnel  diodes  In  Figs.  13  and 
14  can  be  extended  to  other  tunnel  diodes  having  the  same 
ahape  of  I-V  curve  but  a  different  curroit  scale  or  voltage 
scale  or  evoi  If  both  scales  differ.  The  dc  bias  and  the 
local  oaclllator  peak  amplitude  should  be  changed  In  ac¬ 
cordance  with  the  voltage  scale  involved.  Unfortunately, 
a  tunnel  diode  that  has  the  same  shape  of  I-V  curve  in  a 
larger  voltage  scale  will  operate  aa  a  mixer  at  a  higher 
Impedance  level  with  the  same  available  gain  but  higher 
noise  figure. 
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B.  Noise  In  the  Tunnel  Diodes 
Noise  measuremoits  have  been  made  on  the  tunnel  diodes 
at  30  Me  for  different  bias  points.  The  result  Indicates 
that  the  behavior  of  the  noise  could  be  different  from  one 
diode  to  another  even  In  the  same  type  of  tunnel  diode. 

For  convenience,  the  experimental  result  will  be  outlined 
in  several  voltage  regions.  No  specific  data  or  physical 
reasons  are  given  here  because  the  purpose  of  this  approxi¬ 
mate  measurement  Is  to  assist  In  the  understanding  of  the 
background  noise  of  the  mixer  and  the  selection  of  the 
tunnel  diode  for  better  mixer  operation. 

1.  Small  Reverse  and  Forward  Voltage  Region 
A  theoretical  noise  expression  b  z  coth  (eV/2lcT) 
was  derived. The  result  of  our  approximate  noise 
measurement  for  different  types  of  tunnel  diodes  showed 
the  tendency  to  agree  with  the  theoretical  expression. 

Owing  to  the  high  condixstance  value  associated  with  the 
tunnel  diode  near  the  origin,  the  accuracy  of  the  meas¬ 
urement  Is  poor  without  using  step-up  transformers.  There¬ 
fore  no  detailed  comparison  between  the  measured  data  and 
the  theoretical  expression  waa  made.  In  order  to  have  a 
general  Idea  about  the  noise  magnitude  of  the  different 
type  of  tunnel  diodes  In  this  voltage  region,  a  simple 
mathematical  manipulation  will  be  performed.  To  evaluate 
the  noise  at  the  origin  (V  ■  0,  1  ■  0)  using  1  *Hoapital*a 
rule,  we  have 
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It  ahowa  the  ateeper  the  alope  near  the  origin  the  higher 
the  nolae  will  be.  Therefore  Fig.  14(d)  Indlcatea  the 
tunnel  diode  Off  4JF2^Bl>-7  will  have  very  anall  noise  near 
the  origin. 

2.  Negative  Reaiatance  Region 
Mo  Beaauremeit  was  made. 

3,  The  Region  Prom  the  Valiev  Point  Voltage 
Up  to  About  450  mV 

QE  1M2939  ahova  about  20%  higher  than  full  ahot 

nolae. 

Phllco  1M3353  ahova  about  25%  highar  than  full  ahot 

nolae. 

OE  4JF2-BD-2  aample  No.  1  ahowa  about  20%  higher 
than  full  ahot  noise  but  sample  No.  2  shows  a  little  leas 
than  full  shot  noise. 

OE  4JF2-BD-3,  -4,  and  >7  all  show  less  than  full 
shot  nolae. 

VII.  Theoretical  Ar.alyaia  of  Tunnel  Diode  Mixers 
In  this  diapter,  the  tunnel  diode  mixers  are  mainly 
atudied  when  the  tunnel  diode  is  biased  in  the  vicinity 
of  the  valley  point  for  ita  low  I^^  value  (i.e. ,  low 
background  nolae),  large  noise  correlation  and  stable 
operation.  Under  this  bias  condition,  if  the  peak  local 
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eaclllator  voltage  la  in  the  range  of  140-220  mV,  all  the 
parametera  1^-^,  g^  and  gj^  are  poaitlve  aa  ahown  in 
Fig.  10«  The  oparatlng  condition  when  the  tunnel  diode 
ia  blaaad  near  the  peak  point  ia  alao  diaouaaad  briefly* 

A,  Theoretioal  Curvea 

The  parametera  I^,  g^  and  which  deacrlbe 
the  tunnel  diode  mixer  operation,  are  not  independent  to 
each  other  aince  they  are  derived  from  the  aame  portion 
of  the  Z»-V  curve.  But  they  have  no  aimple  relatione  among 
them,  either.  Each  Fourier  component  of  the  inatantaneoua 
conductance  can  be  expreaaed  by  a  aeriea  of  all  the  Fourier 
coBM;>onenta  of  the  inatantaneoua  current,  but  thia  rela¬ 
tion  doea  not  help  to  reduce  the  number  of  parametera 
required  to  deacrlbe  the  mixer  operation.  Therefore  it 
ia  difficult  to  plot  any  theoretical  curve  in  terma  of 
the  parametera  without  modificationa. 

Suppoae  two  new  variablea  a  ■  i^x^eo  *  *  ^o^^l 
are  defined.  Subatituting  theae  variablea  into  the  theo¬ 
retical  expreaaiona  for  <g,)opt»  ^min  *11 

theae  quantltiea  in  acme  different  forma  can  then  be 
plotted  veraua  a  «d.th  x  aa  the  parametera  aa  ahown  in 
Figa.  15-21.  In  thoae  figurea  we  alwaya  aaaume  the  algnal 
conductance  g^  ia  optimiaed  for  odnimum  mixer  nolae  figure, 

*,  -  “«*  '  ■  'ndn  and  the  output  la  matched 

whan  ggiK^  0,  i.e.,  gg^^.  Alao  the  affecta  of  the 
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conductance  at  the  Input  and  output  tuned  clrcuita  are 
neglected.  The  flgurea  cover  the  range  of  0  a£^ 

0«4^x£:l  which  la  most  interested  in  our  case. 

It  is  our  aim  to  ad>ieve  high  gain,  low  noise  and 
also  stable  operation.  According  to  Figs.  21  and  16  large 
a  and  small  x  are  desirable  for  large  values  of  and 
small  valuesof  -  l)/(e/2kT)(l^^gj^).  It  is  also 

understandable  that  small  and  large  gj^  are  preferred 
for  low  noise  figure.  Figures  17  and  20  show  that  the 
output  and  input  conductances  are  positive  only  for  certain 
values  of  a  and  x.  In  this  region  1  at  most.  If 

higher  gain  la  wanted,  then  either  the  output  conductance 
or  the  input  conductance  or  both  must  be  negative.  In 
ease  the  negative  value  occurs  its  absolute  value  should 
be  made  as  small  as  possible  in  order  to  maintain  atability, 
i.«.,  +  gi,)  >  0  and  +  gi„J  >  o, 

B.  Tunnel  Diode  Mixer  Operation 

From  Figs.  15-21,  we  concluded  that  large  a,  small 
X  and  small  preferred  for  low  noise,  high  gain 

mixer  operation.  However,  there  is  a  stability  problem 
associated  with  the  sisall  x.  Unfortunately  no  ideal  I-V 
curve  can  be  found  to  satisfy  all  the  above  requlremmits 
simultaneously  because  the  conditions  for  obtaining  large 
a  contradict  those  for  small  x.  Therefore  using  the  actual 
I-V  curve  of  the  tunnel  diode  for  mixer  operation,  one 
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can  obtain  either  large  a  or  ainall  x  but  not  both.  Two 
poaalble  waya  of  operating  the  tunnel  diode  aa  a  odxer 
can  be  stated  as  follows: 

1.  Ehtphaslse  obtaining  large  a  accompanied  by  tiie  un« 

dealrable  large  x«  can  be  made  small  by  diooslng 

a  small  value  of  The  tunnel  diode  mixer  will  have 

eo 

a  amall  gain  or  even  a  loss  but  has  no  stability  problem. 

These  conditions  can  be  satisfied  by  using  proper 
local  oscillator  amplitude  and  biasing  In  the  vicinity 
of  the  valley  point  of  the  I-V  curve  or  other  portion  of 
the  X«V  curve  with  a  similar  diaracteristlc. 

A  detailed  analysis  will  be  made  In  the  next  section. 

2.  Bsphasise  obtaining  small  x  accompanied  with  an  un* 

desirable  small  a.  can  be  made  amall  by  diooslng 

a  large  value  of  gj^.  Tlie  tunnel  diode  mixer  will  operate 
with  high  gain  but  will  have  a  negative  input  or  output 
conductance  or  both  may  be  negative.  Proper  terminations 
at  both  Input  and  output  are  necessary  to  avoid  unstable 
operation.  Friis^  formula  cannot  be  applied  in  calculating 
the  system  noise  figure  of  the  mixer  plus  the  i.f.  amplifier 
if  the  output  conductance  Is  negative. 

This  case  will  be  obtained  by  using  proper  local 
oscillator  amplitude  and  biasing  In  the  vicinity  of  the 
peak  point  of  the  I-V  curve  because  only  at  the  peak  point 
the  conductance  changes  rapidly  from  large  positive  value 
to  large  negative  value  or  vice  versa. 
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It  ahould  ba  notad  that  Plga*  15  -  21  are  plotted 
for  all  poaltiva  paranatar  ealuaa.  Xa  it  correct  to  draw 
any  concluaion  trcm  thaa  for  the  caaa  hawing  blaa  point 
in  the  vicinity  of  the  peak  point? 

It  waa  Montionad  in  Chapter  V  that  the  eigne  of  the 
paraaatere  will  be  different  if  diffarant  biae  and  local 
oedllator  voltage  ie  oaad.  If  the  tunnel  diode  ie  biaead 
in  the  vicinity  of  the  peak  point  at  room  temperature,* 
the  eigne  of  I^,  g^^  and  gj^  will  be  »*+”,  ”«*•, 

and  **-**  raepaotivaly  for  moat  1-V  duuracteriatice  and 
local  oecillator  voltaga  emplitudaa  eaccapt  under  aoem 
emtreBM  conditlone.  For  eatamplai  ■  1.15  nA,  ■ 
•0,18  uA,  g^  ■  2«A  X  10*^  ahoa  and  gj^  •  •d.d  x  10*^  alioa 
are  obtained  by  applying  a  biae  of  63  mV  and  a  peak  local 
oecillator  voltaga  of  AA  mV  to  a  OE  ZJ56  1  mA  germaniimi 
tunnel  dioda.^  The  eigne  of  X^  and  g^  are  Ohangad 
compared  with  the  corraepooding  onaa  for  the  caaa  of 
btaaing  in  tha  vicinity  of  the  valley  point. 

Let  ua  axemiaa  (3.9)  and  Fig.  15,  F^ 

of  (3.10)  and  Fig.  16,  g^^  of  (2.5)  and  Fig.  17,  g^  of 
(2.7)  and  Fig.  20  end  0^^  of  (2.12)  and  Fig.  21,  the 
paramatera  X^|^  and  gj^  alwaya  occur  in  the  form  of  g^^^  or 
the  product  of  X^^^  and  g|^.  Therefore  the  negative  eigne 
have  no  affect  on  Figa.  15 « 17,  20,  21  and  the  paramatera 
can  ba  replaced  by  their  abaolute  valuee.  Sine* 

*At  low  tmeporature  ttie  aign  of  X«i  may  be  different 
beoauee  the  X^  •  V  curve  doponda  on  tenparature. 
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no  algn  problem.  But  the  of 
(2.11)  and  Fig.  18  irill  be  negative  If  gj^  ^  0.  Finally 
we  can  aay  that  the  eonclualon  ifilch  la  made  from  Flga.  15* 
21,  la  valid  for  blaalng  In  tiie  vldnlty  of  the  peak  point. 

Two  optimum  operating  regions  concluded  from  thoae 
theoretical  curvet  have  alto  been  found  experimentally  by 
Klapper,  et  al.^^ 

G.  Theoretical  Analvtia  and  Raauitt 

1.  Procedure 

The  Z-V  curve  la  displayed  on  the  otcllloacope  and 
a  picture  taken.  The  picture  of  the  X»V  curve  la  then 
enlarged.  From  the  enlarged  1»V  curve,  the  g-V  curve  la 
plotted  and  a  graphical  analyala  at  ahown  In  Fig.  10  la 
made.  Using  Fourier  aeries  analyala,  the  parameters  Z^^, 
Zei*  gg  nnd  g^  of  the  tunnel  diode  mixer  operation  can 
be  determined.  Finally,  one  evaluates  ^e  parametera 
a  ■  X  ■  g^y/git  and  nnd  then  reads  the 

noise  figure,  available  gain,  etc.,  from  Figs.  15-2L. 

2.  Remarks 

a)  Full  shot  noise  Is  assumed  for  the  theo¬ 
retical  analysis  since  there  la  a  lack  of  the  exact 
information  about  the  noise  In  tunnel  diodes. 

b)  The  noise  figure  of  the  l.f.  amplifier,  " 

1.30,  la  used  for  calculating  the  total  asmtem  noise. 

c)  The  data  obtained  from  the  theoretical  corves 
may  differ  slightly  from  those  caloulated  by  direct 
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■ubatltutlon  into  the  proper  equatlona  due  to  the  aocuraey 
llaltatlon  of  the  eurvea. 

d)  The  I«V  and  g-V  curves,  on  which  the  graphical 
analyaia  la  baaed,  were  reduced  to  a  amaller  slse  aa 
aihown  in  Figs,  22-24  to  fit  the  report. 

e)  The  I-V  eurvea  of  aaapla  No.  1  of  6E  1N2939  and 
OE  4JF2-BD-2  are  alightly  different  from  their  danple  No.  2 
reapeetlvely  aa  shown  in  Figs.  13(a),  13(b),  22  and  23. 

f)  Owing  to  the  almilarity  of  the  ri^t  portion 
of  the  I-V  eurvea  in  Figs.  13(c),  14(a)  and  14(d)  an  ap- 
proxiiBation  was  made  as  shown  in  Fig.  24.  This  approadma- 
tlon  can  be  Justified  by  the  time  saved,  the  difficulty 
of  making  an  amaet  graphical  and  Fourier  analyaia  and  the 
differanoa  among  the  X-V  curves  of  the  snma  type  of  tunnel 
diode. 

The  only  serious  poaslbllity  of  error  occurs  under 
remark  a).  If  there  la  not  full  ahot  noise,  then  there 
are  two  poasibilitiea i 

(i)  I  and  1  differ  by  a  constant  amount.  Then 
is  not  equal  to  the  average  value  of  the  tunnUl  diode 

currant  but  deteruined  correctly. 

(ii)  The  difference  between  1  and  1^  depends  on 
the  voltage.  Then  die  **calculated”  values  of  both 

and  I^  will  differ  from  their  actual  values. 

Correct  values  could  be  detaradned  by  making  a 
Fourier  analyaia  of  X  (t),  whldi  can  be  done  aftsr  X  (V) 
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has  been  determined.  Thle  la  usually  not  done  in  thla 
report  alnce  the  error  made  by  putting  ■  I(t)  is 

often  not  very  large  in  the  voltage  range  from  100  mV  to 
500  mV  which  is  most  interested  in  our  study.  Compare 
however,  Chapter  VI  section  B  and  Fig.  10. 

3.  Results 

The  theoretical  results  are  shown  in  the  following 
five  tables.  It  is  just  like  what  we  predicted:  high 
available  gain  and  low  noise  figure  can  not  be  obtained 
at  the  same  time.  The  best  system  noise  figure,  F^^, 
la  3  dB  as  shown  in  Table  VI.  From  the  data  of 
g^j^  and  g^^^  given  in  the  tables,  tiie  drcult  should  be 
<|ulte  stable. 

The  tables  also  give  measured  data.  In  this  sec* 
tlon  we  deal  only  with  the  calculated  values.  The  actual 
comparison  between  Idle  theoretical  and  the  experimental 
data  will  be  made  in  CBiaptcr  VIII. 
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Table  XI 

RESULTS  OF  TUMNEL  DIODE  MIXER  OPERATION 
USING  OE  1M2939  (SAMPLE  NO.  2) 


Theoretical 

Measured 

Bias 

360 

360 

Pealc  Local- 

Oscillator 

Aaplitude 

160 

(160) 

M 

a 

o 

0.224 

0.270 

lel 

0.089 

0.078 

8o 

3.52 

8l 

4.10 

“-^l/^eo 

0.40 

x-g^/gi 

0.86 

^o/8l 

0.0546 

^^s^opt 

4.2 

^min 

4.3 

(6.3  dB> 

6.2 

(7.9  dB) 

®out 

1.34 

0.53 

0.50 

®in 

0.06 

Oav 

0.68 

«av 

0.34 

^tot 

4.6 

(6.6  d&) 

unless  othervlse  noted  ell  the  conductance,  current  and  vol' 
tage  mlues  are  given  in  diilllnihoa,  bA  and  mV  respectively. 
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TabU  III 

RESULTS  OF  TUNNEL  DIODE  MIXER  OPERATION 
USSiO  OE  4JF2-BD-2  (SAMPLE  NO.  2) 


Thaoratloal  Maaaurad 


Bias 

312.5 

312.5 

312.5 

312.5  312.5 

Peak  Looal- 

Oacillator 

Amplitude 

140 

160 

180 

200  (200) 

M 

• 

o 

0.0906 

0.123 

0.175 

0.235  0.230 

Zel 

0.0235 

0.0472 

0.087 

0.130  0.U3 

So 

1.19 

1.84 

2.77 

3.46 

8l 

1.53 

2.26 

3.29 

4.17 

Wleo 

0.26 

0.38 

0.50 

0.56 

x-So/Sl 

0.78 

0.82 

0.84 

0.83 

leo/Sl 

0.0592 

0.0545 

0.0532 

0.0564 

^8*>opt 

1.68 

2.30 

3.08 

3.65 

%in 

4.8 

(6.8  dB) 

4.2 

(6.2  dB) 

3.7 

(5.7  dB) 

3.6  3.4 

(5.6  dB)  (5.3  dB) 

Sout 

0.367 

0.610 

0.905 

1.04 

^c 

0.53 

0.54 

0.56 

0.59  0.62 

Sin 

^0.22 

-0.25 

-0.21 

-0.42 

®*v 

1.25 

1.10 

1.07 

1.22 

0.24 

0.27 

0.28 

0.25 

^tot 

5.1 

(7.1  dB) 

4.4 

(6.4  dB) 

4.0 

(6.0  dB) 

3.9 

(5.9  dB) 

Unlaaa  othanria*  noted  all  th*  conductance,  current  and 
voltage  value*  are  given  in  milliahoa,  oA  «id  nV  reapeotively, 
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Table  IV 

RESUliTS  OP  TUNNEL  DIODE  MIXER  OPERATION 
USING  OE  4JF2-BD-3 


Theoretical 


Bias 

300 

300 

Peak  Local- 

Oscillator 

Amplitude 

160 

180 

^eo 

0.0394 

0.0734 

lei 

0.0238 

0.0538 

So 

1.14 

2.34 

«1 

1.29 

2.S2 

a-Iel/l.o 

0.60 

0.73 

**8o/gl 

0.83 

0.93 

leo/Si 

0.0306 

0.0292 

^Sa^opt 

1.08 

1.79 

^mln 

2.4 

(3.8  dB) 

2.1 

(3.2  dB) 

Sout 

0.393 

0.806 

Pc 

0.58 

0.61 

8ln 

0.0645 

0.328 

®av 

0.88 

0.81 

0.34 

0.37 

^tot 

2.7 

(4.3  dB) 

2.44 
(3.9  dB) 

MaaauKed 

Ihacritloal 

300 

300 

300 

200 

(200) 

220 

0.132 

0.130 

0.208 

0.106 

0.102 

0.173 

3.63 

4.61 

3.81 

4.77 

0.81 

0.84 

0.95 

0.97 

0.0345 

0.0437 

2.30 

2.67 

2.0 

(3.0  dB) 

2.4d 
(3.9  dB) 

2.2 

(3.4  dB) 

1.14 

1.43 

0.65 

0.58 

0.66 

0.533 

0.786 

0.81 

0.78 

0.37 

0.39 

2.4 

(3.8  dB) 

2.6 

(4.1  dB) 

Unleaa  othcrwlae  noted  all  the  conduotanoe,  cuirent  and 
voltage  valuea  are  given  In  adllinhoa,  mk  and  nV  reapeetively. 
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Table  V 

RESULTS  OF  TUNNEL  DIODE  MIXER  OPERATION 
USIYIQ  GE  i(JP2-BD-4 


Thaoratical 

Meaaurad 

Biae 

300 

300 

Paak 

Local-Oacillator 

Amplituda 

200 

(200) 

I«o 

0.126 

0.095 

lal 

0.111 

0.072 

So 

3.74 

El 

3.71 

lel/leo 

0.88 

x-So/Sl 

1.01 

leo/gl 

0.0340 

Cgo)opt 

1.82 

'min 

1.8 

2.4 

(2.6  dB) 

(3.8  dB) 

Eout 

1.21 

^c 

0.67 

0.58 

Ein 

0.89 

®av 

0.67 

0.45 

^ot 

(3%  dB) 

Utaleaa  othenrlee  noted  all  the  conductance,  current  and 
voltage  valuea  are  given  in  milliohoa,  nA  and  mV 
raapaotively. 
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Table  VI 

RBSULIS  OP  TUNNEL  DIODE  MIXER  OPERATION 
USING  GB  UJF2-BD«7 


Theoretical 

Measured 

Bias 

300 

300 

35 

Peak 

Local-Oaolllator 

Amplitude 

200 

(200) 

(200)* 

leo 

0.120 

0.085 

0.093 

lel 

0.116 

0.074 

0.083 

So 

3.80 

«1 

3.66 

0.97 

*■80/81 

1.04 

leo/Si 

0*0328 

^Ea^opt 

l.O 

^mln 

1.45 
(1.6  dB) 

2.1 

(3.2  dB) 

1.95 

(2.9  dB) 

8out 

1.0 

Pc 

0.76 

0.67 

0.70 

8ln 

1.0 

®av 

0.58 

«/Oav 

0.52 

Ptot 

2.0 

(3.0  dB) 

Unlaaa  otherwiae  noted  ell  the  conductance,  current  and  vol¬ 
tage  valuea  are  given  in  mlllinhoa,  nk  and  mV  reapectlvely. 
*AdJu8t  the  pealc  local-oaclllator  amplitude  to  approximately 
200  mV  until  the  average  do  diode  ourrent  reada  -0«120  wA, 
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D«  Effacta  of  the  Local  Oaclllator  Voltage 

If  one  blaaea  in  the  vicinity  of  the  valley  point  of 
the  tunnel  diode  and  the  peah  local  oscillator  amplitude 
la  140  mV  or  higher,  the  following  can  be  concluded  from 
Tablea  III  and  IV. 

1.  a  Increaaea  aa  the  local  oscillator  voltage 
increases  since  the  current  rises  very  riq>ldly  near 
450-500  mV.  Keeping  the  graphical  and  Fourier  analyaia 
in  mind,  thia  can  be  eocplained  as  follows:  The  effect 
of  the  current  values  in  the  negative  conductance  re¬ 
gion  and  to  the  left  of  the  bias  point  is  to  decrease 
a.  On  the  other  hand,  the  effect  of  the  high  current 
values  to  the  right  of  the  bias  point  (near  450-500  mV) 
is  to  increase  a.  The  effect  of  the  relatively  small 
current  in  the  negative  conductance  region  will  become 
negligible  when  the  local  oscillator  voltage  swings 
deeper  into  the  high  current  region.  Hence  when  the 
local  oscillator  voltage  reaches  the  high  current 
region,  a  will  be  dominated  by  the  high  current  values 
and  will  increase  as  the  local  oscillator  voltage 
increases. 

Large  a  is  preferred  for  the  low  noise  figure. 

2.  X  increases  somewhat  as  the  local  oscillator 
voltage  increases.  The  differential  conductance 
gadl/dV  increaaea  very  rapidly  near  450-500  mV,  but 
the  ratio  x  ■  go/gj^  changes  much  more  slowly.  Thia  can 
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ba  axplalnad  In  a  manner  almllar  to  part  1  of  thla 
section.  The  effect  of  the  negative  conductance  values 
to  the  left  of  the  bias  point  la  to  decrease  x;  thla  la 
the  only  possible  vay  one  can  make  x  leas  than  unity. 
The  high  positive  conductance  values  near  450-500  mV, 
to  the  right  of  the  bias  point,  can  make  x  close  to 
unity  but  x  will  never  be  less  than  unity  without  the 
presence  of  a  negative  conductance  region.  Since  the 
conductance  values  are  so  high  near  450-500  mV,  the 
effect  of  the  negative  conductance  Is  small  when  the 
local  oscillator  voltage  swings  Into  thla  high  positive 
conductance  region.  The  negative  conductance  values 
may  keep  the  value  of  x  less  than  unity  but  cannot 
dominate  It.  Hence  x  will  increase  as  the  local  oscil¬ 
lator  voltage  Increases.  There  Is  an  exception  in 
Table  III  where  x  decreases  a  little  when  the  peak 
local  oscillator  amplitude  Increases  from  180  mV  to 
200  mV.  This  exception  can  be  attributed  to  the  rather 
large  negative  conductance  values  near  100  mV  and  the 
constant  g-V  curve  slope  near  500  mV. 

Small  X  Is  preferred  for  high  mixer  gain. 

3.  leo/g]^  decreases  first  as  the  local  oscilla¬ 
tor  voltage  Increases  since  the  rate  of  Increase  of 
Is  smaller  than  that  for  gj^.  After  passing  a  mlnlmma 
value,  will  increase  as  local  oscillator  vol¬ 

tage  keeps  inoreaalng  since  now  the  rate  of  increase  of 


i 
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la  larger  than  that  for  gj^«  The  quantity 
does  not  depend  very  strongly  upon  the  local  oaolllator 
voltage,  however. 

Small  l^^g^  is  praCerred  for  lav  noise  figure. 

0^^  doea  not  depends  strongly  upon  local  oscilla¬ 
tor  voltage  amplitude.  has  a  shallow  mlnlmm  and 

is  larger  than  unity  as  shown  in  Table  III  but  it  de¬ 
creases  slightly  with  increasing  local  oscillator  vol¬ 
tage  amplitude  and  la  smaller  than  unity  as  shown  in 
Table  IV.  Pgiin  ^tot  with  Increasing  local 

oscillator  voltage  amplitude  in  Table  III  but 
passes  through  a  shallow  minimum  and  so  does  in 

Table  IV.  In  both  Tables  III  and  IV,  increases 

c 

slightly  with  local  oscillator  voltage  amplitude  and 
(ga)opt  increases  strongly  with  local  oscillator  voltage 
amplitude  as  expected. 

For  better  mixer  operation  a  large  local  oscilla¬ 
tor  voltage  should  be  used.  In  our  examples,  the  peak 
amplitude  of  about  200  mV  is  optimum.  The  local  oscil¬ 
lator  voltage  sDq)litude  is  not  very  critical  for  mixer 
operation  as  the  results  in  the  Tables  III  and  IV  show 
for  the  different  local  oscillator  voltages.  This  is 
rather  convenient  for  practical  operation  of  tunnel 
diode  mixers. 
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Effects  of  the  Signal  Conductance 

F  has  its  mlxiimum  valua  for  g^* 

F^^^  la  often  nearly  optimised  for  the  same  value  of 
g^.  This  meana  that  for  ^Sg^opt  nolae  figure 
will  be  worse.  However,  since  the  mlnlmm  la  rela¬ 
tively  shallow,  F  and  will  not  deteriorate  much 
as  long  as  the  deviation  from  Cg^)Qp^  Is  not  too  large. 

The  available  gain  of  the  mixer,  may  dapend 
very  strongly  iq;>on  the  source  conductance.  Dils  Is 
especially  the  case  If  g^p  ^  O,  since  one  can  make 

“  «.-*  |«in|  • 

In  order  to  study  the  effects  of  larger  deviations 
of  the  signal  conductance  g^  from  Cgg)Qp^  on  the  mixer 
aol..  figur.  P,  the  mixer  evelleble  gein  mi  the 
total  system  noise  figure  several  theoretical 

curves  are  plotted  for  two  specific  cases t 

1.  The  available  mixer  gain  can  be  larger  than 
unity  and  the  output  conductance  of  the  mixer  g^^^  la 
negative  for  some  signal  conductance  values  (see 
Pig.  25).  For  the  same  reason  the  Input  conductance 
g^P  can  be  negative  In  this  case. 

2.  The  mixer  available  gain  is  always  less  than 
unity  and  the  output  conductance  of  the  mixer  Is  posi¬ 
tive  for  all  the  signal  conductance  values  (see  Fig.  26). 
In  that  case  the  Input  conductance  g^  will  be  positive 
for  all  output  load  conductanca  valuaa. 


0 


0 
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The  total  ayatam  noiaa  figure  la  oaleulated  by 
Frlla'  fonaula 


lAien  the  output  conductance  of  the  mlacer  la  positive.  In 
that  case  an  l.f.  amplifier  noise  figure  ^  a  1,3  vlLI 
be  assumed.  The  calculation  of  the  total  system  noise 
figure  Is  omitted  for  negative  output  conductance  of  the 
mixer.  Since  numerous  kinds  of  l.f.  amplifiers  and  the 
load  conductances  can  be  connected  to  the  output  of  the 
mixer.  It  la  difficult  to  give  a  general  study  of 
idian  the  output  conductance  of  the  mixer  Is  negative. 

Figure  26  shows  that  the  minimum  noise  figure  and 
the  maxlaum  available  gain  of  the  mixer  occur  at  the  same 
signal  conductance  value  if  1*  But  Fig.  25  shows 

tbat  the  signal  conductance  which  gives  the  minimum  noise 
figure  Is  different  from  the  signal  conductance  which  Is 
required  for  the  maximum  available  gain  If  !•  Vhls 

la  generally  true. 

As  said  before,  the  valleys  of  the  noise  figure 
curves  are  rather  flat.  The  nolae  figure  will  not  deviate 
much  from  Its  minimum  value  If  the  signal  conductance  Is 
chosen  In  the  neighborhood  of  the  minimum  point.  Since 
the  output  conductance  of  the  mixer  Is  also  a  function 
of  the  signal  conductance,  the  signal  conductance  should 
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be  chosen  In  the  neighborhood  of  the  minimum  mixer  noise 
figure  such  that  a  large  silxer  available  gain  and  a 
deairable  mixer  output  conductance  can  be  obtained, 

VIZI,  Measurement  of  Tunnd.  Diode  Mixers 
A.  Equipment 

1.  Tunnel  Diode  Mixer 

The  circuit  diagrMi  is  shown  in  Fig,  27,  Several 
features  are  described  briefly  here. 

a)  The  input  signal  is  chosen  at  the  comparatively 
low  frequency  of  63  Me  for  easy  tuning  and  for  avoiding 
tile  poesible  Interference  of  the  local  TV  stations. 

b)  The  63  Me  tuned  circuit  at  the  input  has  an 
equivalent  resistance  of  about  5  kohms  and  the  30  Me  tuned 
circuit  at  the  output  has  about  2.5  kohms.*  Both  tuned 
circuits  are  practically  short  circuited  for  the  undesirable 
frequency  signals. 

c)  The  tuned  circuits  are  kept  to  a  ndnlmum  number 
for  getting  sharp  tuned  circuit  response. 

d)  The  bias  circuit  has  a  low  resistance  and  only 
contributes  about  5  {iA  to  the  equivalent  noise  curroit 
of  the  system. 


*The  equivalent  resistances  of  the  tuned  dreuita  are 
determined  by  the  method  given  on  p,  56  of  van  der  Ziel^e 
NOISE,  Prentice  Hall,  1954, 
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e)  The  local  oaclllator  voltage  la  coupled  with  a 
amall  low-impedance  loop  tuned  at  Its  frequency.  The 
coupled  circuit  haa  negligible  affect  on  the  nolae  of  the 
ayatem, 

2,  Nolae  Meaeurement  Eaqulpment 
The  block  diagram  la  ahown  In  Fig,  28, 

a)  Caacode  preamplifier— a ee  Fig,  29, 

b)  Modified  NC  109  receiver— the  automatic  volume 
control  la  dla connected  and  the  output  algnal  la  taken 
from  the  l,f ,  atage  through  a  cathode  follower  employing 
a  6922  tube, 

c)  1,F,  amplifier— it  conalata  of  a  6AG5  tuned 
atage  and  t«K>  cathode  follower  atagea  with  6AH6  and  6AH7 
tubea, 

B,  Method 

1,  Detcrmlnotlon  of  the  Nolae  of  the 

Tunnel  Diode  Mixer— we  refer  to  Fig,  27, 
Conalder  the  circuit  to  the  left  of  point  A  aa  the 
mixer  whoae  nolae  equivalent  circuit  can  be  repreaented 
by  a  current  generator  ^2el^df  In  parallel  with  the 
output  conductance  g^^^  of  the  mixer,  Conalder  the 
circuit  to  the  right  of  A  aa  the  load  whoae  nolae  equivalent 
circuit  can  be  repreaented  by  a  current  generator  J 2el^df 
In  parallel  with  the  equivalent  reaiatance  R^, 

a)  Open  the  circuit  at  point  A  and  take  the 
galvanometer  readinga  aa  followa  (refer  to  Fig,  30)  i 


Page  66 


(1)  Short  the  input  of  the  preampllfior.  The 

reading  t 

Mj^  ■  (8.1) 

where  0  ie  the  voltage  amplification,  and  B  ia  the  band¬ 
width  of  the  amplifier. 

(ii)  Remove  the  short  circuit  and  let  1^2**^* 
The  reading I 

■  iikTR^BO^  +  2eIgRg^BG^  (8.2) 

(iii)  Adjust  1^2  ^he  reading 

Them 

Mj  -  ilkTR^BO^  ♦  2sl^Rg^B0^+  2eI^^g^BO^  (8.3) 

and 

h  ■  ^2 

(b)  Connect  the  circuit  at  point  A,  take  the 
galvanometer  reedings  as  follows  (refer  to  Fig.  31) : 

(i)  Short  the  input  of  the  preamplifier.  The 

reading! 

■  AkTR^BO^  (8.5) 

(ii)  Rmaore  the  short  circuit  and  let 
The  reeding! 

M2  ■  ^iVTRjjBG^  +  2e(I^,  +  1^^)  R^BO^  (8.6) 

where  R  is  the  parellel  combination  of  R^  and  R^. 

(iii)  Adjust  1^2'  until  the  reading  M3«2M2*M|^- 


Then! 
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M3  •  klOBL^BO^  +  2«(Ig  +  Ijj)R^BO^  +  2el^2'R^B0^  (8.7) 


and 


"d2' 


-  I. 


Id2' 


-  I 


d2 


(8.8) 


2.  Determination  of  1^^,  and  F^~-  wa 
refer  to  Chapter  V,  aection  B. 

C,  Procedure 

1.  -«  Short  circuit  the  input  of  the  mixer  and 
bias  the  diode  properly.  Then  adjuat  the  local  oscillator 
voltage  amplitude  until  the  dc  average  tunnel  diode  cur¬ 
rent  readies  the  required  value,  under  this  condition 
the  equivalent  saturated  noise  diode  current  contributed 
by  the  tunnel  diode  is  our  measured  1^^;  this  can  be 
compared  with  the  average  diode  eorrent  itaelf ,  whidi  it 

the  "theoretical**  value. 

eo 

2.  defined  by  Eq.  (8.9)  —  Insert  the  theo¬ 
retical  optimized  signal  conductance  (g3)op^  nt  the  input 
of  the  mixer  and  bias  the  diode  properly.  Then  adjust 

the  local  oscillator  voltage  amplitude  until  the  dc  average 
tunnel  diode  current  readies  the  required  value.  The 
equivalent  saturated  noise  diode  currmut  due  to  the  mixer 
is  our  measured 

eq 

3.  F^— Under  the  same  condition  described  in 

procedure  2  for  measuring  a  deflection  will  be  shown 

eq 

on  the  square  law  detector.  Adjust  the  filament  voltage 
of  the  noise  diode  at  the  output  of  the  mixer  sudi  that 


r 
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the  deflection  on  the  aquare  law  detector  la  double. 
Record  this  equivalent  aaturated  nolae  diode  current  ^^2 
and  turn  the  diode  off.  Repeat  this  for  the  nolae  diode 
at  the  Input  of  the  nlxer  to  find  Then  « 

1^^  —  Subatltutlng  the  maaaured  Z^  and 
Into  the  following  equation 

+  «•»> 

the  maaaured  can  be  found.  Thla  can  be  compared  with 
the  "theoretical”  value  determined  from  the  (1,V) 
ciiaraotcrlatlc. 

5.  ««•  It  la  determined  by  the  ratio  of  to 

(2kT/e)(g^)Qp^F^^.  Since  all  quantltlea  are  known,  F^^ 
can  be  determined. 

D.  Remark 

The  aoiplltude  of  the  local  oaclllator  voltage  ap-> 
plied  to  the  tunnel  diode  la  not  directly  meaaured.  The 
technique  uaed  to  obtain  the  operating  condition  waa 
given  In  procedure  2.  Therefore  the  amplitude  of  the 
local  oaclllator  voltagea  In  the  Tablea  II- VI  are  put  In 
parentheaea  to  dlatingulah  theae  voltagea  from  actually 
maaaured  valuea. 

E.  Reaulta  and  Conclualcna 

For  each  kind  of  tunnel  diode,  only  the  data  of  one 
operating  condition  which  has  the  minimum  nolae  figure. 
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were  measured.  The  measured  results  are  listed  In  Tables 
Zl-Vl  just  next  to  the  corresponding  theoretical  analysis 
results  for  convenience  of  comparison.  A  detailed  cooi* 
parlson  Is  also  made  here  In  this  section. 

Biasing  In  the  vicinity  of  the  valley  point  of  the 

tunnel  diode  might  lead  to  storage  effects  of  Injected 

minority  carriers  at  microwave  frequencies.  This  would 

probably  result  In  lower  gain  and  higher  noise  at  those 

frequencies.  But  the  experimental  results  obtained  by 

Somaera  in  the  RCA  laboratory  show  that  even  In  the  valley 

point  region  the  tunnel  diode  Is  still  suitable  for  high- 

29 

frequency  applications.  Therefore  this  Is  not  a  series 
problem  In  normal  tunnel  diodes.  It  might  be  siore  serious 
for  back  diodes. 

Owing  to  the  similarity  of  tdie  right  and  left  portion 
of  the  1-V  curve  of  Fig.  14(d)  two  cases  are  measured  for 
QE  4JF2-BD-7  based  on  the  same  theoretical  analysis.  This 
Is  allowed  because  the  left  portion  will  look  the  same  as 
the  right  portion.  If  one  merely  changes  the  direction  of 
the  current  for  the  left  portion.  The  bias  la  300  mV  In 
one  case  and  35  mV  In  another  as  shown  In  Table  VI.  This 
la  designed  to  study  the  difference  In  mixer  operation 
between  the  cases  using  the  tunnel  current  region  of  the 
tunnel  diode  and  using  the  axcesa  and  Injected  current 
region  of  the  tunnel  diode. 
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Table  VII 

COMPARISON  OF  THE  THEORETICAL  AND 

MEASURED  I^„,  I  ,  AND 

eo '  cl  c 


Table 

Measured 

Theoretical 

Difference 

II 

0.270 

0.224 

+  21% 

III 

0,230 

0.235 

-  2% 

IV 

0.130 

0.132 

-  2% 

V 

0.095 

0.126 

-  25% 

VI 

0,085 

0.120 

-  29% 

II 

0.078 

0,089 

-  12% 

III 

0.123 

0.130 

-  5% 

IV 

0.102 

0.106 

-  4% 

V 

0.072 

0.111 

-  35% 

VI 

0.07^4 

0.116 

-  36% 

II 

0.50 

0.53 

VO 

i 

III 

0.62 

0.59 

+  5% 

IV 

0.58 

0.65 

-  11% 

V 

0.58 

0.67 

-  13% 

VI 

0.67 

0.76 

-  12% 

/ 
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Table  VIII 

COMPARISON  OF  THE  THEORETICAL 
AND  14EASURED 


Table 

Measured 

Theoretical 

Differ  ei 

11 

6.2 

4.3 

+  44% 

III 

3.4 

3.6 

-  6% 

IV 

2.46 

2.00 

+  23% 

V 

2.4 

1.8 

+  33% 

VI 

2.1 

1.45 

+  45% 

*In  Table  II  a  major  part  of  the  difference  comes 
from  the  discrepancy  in  I^q  between  theory  and  measure¬ 
ment.  If  the  measured  I^q  value  is  used  instead  of  the 
theoretical  Ipg  value  in  calculating  the  noise  figure, 
we  have  a  modified  theoretical  noise  figure  of  5.27 
which  agrees  better  to  the  measured  result  of  6.2.  Then 
the  difference  reduces  to  -f  18%. 

In  Table  III  the  results  agree  well. 

In  Table  IV  a  major  part  of  the  difference  comes 
from  the  discrepancy  in  between  theory  and  measurement. 

In  Tables  V  and  VI  the  difference  comes  from  the 
combined  effect  of  the  discrepancies  in  1^^,  in  Ig,  and 
in  F  between  theory  and  measurement.  ^ 
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Our  Philco  1N3353  sample  No,  1  was  very  noisy.  It 

has  a  measured  «  0.215  mA  when  the  bias  is  300  mV  and 

eo 

the  dc  average  diode  current  is  0.132  mA  after  the  local 
oscillator  voltage  is  applied.  No  further  investigation 
was  made  on  this  diode. 

We  may  draw  the  following  conclusions  from  Tables  11 
to  VIII: 

1,  The  overall  agreement  between  theory  and  measurmnent 
is  reasonable. 

2,  Discrepancies  between  the  calculated  and  measured 

values  of  I^^  and  I  .  can  be  accounted  for  by  the  fact 
eo  el 

that  some  tunnel  diodes  have  less  than  full  shot  noise 
whereas  others  have  more  than  full  shot  noise. 

3,  At  the  frequencies  of  measurement  there  is  relatively 
little  difference  between  operating  the  mixer  in  the 
forward  direction  and  operating  it  in  the  bade  direction 

as  shown  in  Table  VI,  i.c.,  no  storage  effect. 

A.  The  best  noise  figures  are  obtained  for  back  diodes, 

that  is,  diodes  with  a  very  small  current  maximum. 

To  demonstrate  the  importance  and  the  relative 

magnitude  of  the  correlation  term,  we  make  the  following 

table  from  all  the  measured  data.  The  mixer  noise  without 

cozrelation  is  determined  by  the  sum  of  the  tunnel  diode 

noise  at  the  mixer  input  and  output  teminals.  The  mixer 

noise  with  correlation  is  determined  by  the  measured  tunnel 

diode  mixer  noise,  I 

»  eq  ’ 


corrected  for  input  circuit  noise. 
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"sir^^a^opt^c  *  According  to  Bq.  (8.9)  the  mixer  noise 
with  correlation  can  be  represented  by  f^gq  "  2CT^®s^opt^c^ 


The  former  one  is  used  here 


because  it  is  directly  measured. 


Table  IX 


COMPARISON  OF  MIXER  NOISE  WITH 
AND  WITHOUT  CORRELATION 


Table 

Mixer  Noise 

Without  Corralatlon 

Mixer  Noise 
With  Correlation 

^eq"‘5lr^Ss)optF 

II 

0.338 

0.257 

III 

0.318 

0.165 

IV 

o.m 

0.056 

V 

0,127 

o,om* 

VI 

0.123 

0.02^ 

The  discrepancy  between  the  two  colimins  is  much 
larger  than  the  experimental  error.  Hence  in  all  our 
measurements  it  is  absolutely  essential  that  correlation 
is  taken  into  account. 

IX.  Special  Application-^Radiometer^*^^"^^ 

Since  the  Johnson  noise  and  the  black  body  radia¬ 
tion  are  related,  the  noise  measurement  can  be  used  as  a 
tool  to  measure  the  microwave  radiation  from  the  sun  and 
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moon,  and  the  atmoapherlc  absorption  at  several  microwave 
frequencies,  R,  H.  Dlcke  developed  a  very  sensitive 
radiometer  which  la  a  modified  superheterodyne  receiver 
and  Is  described  In  refs,  30  and  31,  This  device  can  also 
be  used  to  calibrate  the  microwave  noise  source  and  to 
measure  the  temperature  of  an  object  referring  to  the 
standard  thermal  noise.  The  measurement  techniques  of 
the  thermal  radiation  at  microwave  frequencies  are  dif¬ 
ferent  from  those  for  monitoring  a  c.w.  signal.  A  c.w, 
signal  requires  only  a  narrow  l.f .  band  which  will  pass 
all  the  signal  components  but  eliminates  the  unnecessary 
noise  outside  the  band.  Thermal  radiation,  on  the  other 
hand,  Is  usually  characterized  by  a  very  wide  spectrum. 
Therefore  a  wide  l.f.  band  receiver  is  required.  Besides, 
the  accuracy  of  the  radiometer,  determined  by  a  simple 
theoretical  model.  Is  Inversely  proportional  to  the  square 
root  of  the  l.f.  bandwidth.  However,  if  the  bandwidth 
Is  too  great  the  noise  of  the  l.f.  amplifier  will  be 
higher.  In  the  previous  studies  we  always  assumed  the 
Input  tuned  circuit  has  zero  resistance  at  the  Image 
frequency.  If  we  use  a  broad  band  tuned  circuit  whldi 
will  have  almost  the  same  response  at  the  Input  and  Image 
frequencies,  two  rf  bands  will  convert  to  the  l.f.  If 
the  Input  Is  not  tuned  but  matched  to  the  mixer  the  same 
situation  will  prevail.  Therefore  the  receiver  will  detect 
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signals  from  two  rf  bands  separated  by  twice  the  i,f. 
band  and  an  r£  band  twice  as  wide  as  the  i.£«  amplifier 
bandwidth  can  be  measured.  Owing  to  the  low  noise  and 
possible  gain,  the  tunnel  diode  mixer  can  be  used  as  the 
first  stage  of  the  radiometer.  To  minimize  the  noise 
arising  from  the  local  oscillator  and  the  antenna  mis¬ 
matching  a  balanced  mixer  is  preferred.  The  equivalent 
circuit,  available  gain  and  noise  figure  of  the  double 
sideband  mixer  ^ich  converts  two  rf  bands  to  i.f . ,  are 
given  in  the  following  section. 

A.  Equivalent  Circuit 

Let  the  current- volt age  characteristic  of  the  tunnel 
diode  be  given  by 

i  =  f(v)  (9.1) 

Let  us  neglect  the  harmonics  of  the  local  oscillator 
voltage  and  let  v  be  given  by 

V  =  +  '^cosw^t  (9.2) 

where  V  is  the  dc  bias, 
o 

is  the  fundamental  peak  amplitude  of  the  local 
oscillator  voltage. 

Then  the  Fourier  series  representation  of  the  instantaneous 
conductance  of  the  tunnel  diode  becomes 

®  iv  “  2g^cosUjjt  +  2g2C082mj^t  +  . . . .  (9.3) 
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Using  subscripts  i,  m  and  Ic  to  refer,  respectively, 
to  rf  input,  i.f,  output  and  rf  image  frequencies,  we  can 
denote  the  complex  voltage  and  current  rms  values  by  V^, 

^m*  ^1'*  ^i*  ^m  ^k*  frequency  relations  are  “1  = 

“k  =  “h  -  “m'  “i  =  2^  -  “k  “ic  =  -  “i  • 

If  we  multiply  the  instantaneous  conductance  g(t)  of 

Bq.  (9,3)  by  the  rf  input  voltage  V^^cosCco^t  +  <|)^),  the 

i.f,  output  voltage  V^^cos (o)  t  +  *  )  and  the  rf  image 

voltage  Vji^^cos  (cOj^t  +  (j>j^)  respectively,  the  currait  with 

all  kinds  of  frequencies  will  exist.  Keeping  the  frequency 

relations  in  mind  and  selecting  only  those  currents  with 

input,  output  and  image  frequencies,  we  have  the  linear 

current-voltage  relation 

li  «  go^i  *  S2\* 

"m  =  Sl^i  ^  ^  SlV 

Ik*  =  gjVi  +  giV„  +  g^V^* 

where  the  asterisks  (*)  denote  the  complex  conjugate 
quantities.  The  complex  conjugate  quantities  are  necessary 
because  the  phase  angle  changes  sign  when  the  image  com¬ 
ponent  is  involved  in  the  mixing  process. 

V7e  assume  the  local  oscillator  harmonic  voltages  to 
be  negligible  is  a  good  approximation  for  practical  mixers. 


If  the  local  oscillator  harmonic  voltages  are  not  neglected. 
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the  theoretical  analyaia  will  be  very  complicated.  These 
harmonics  will  affect  not  only  the  instantaneous  conduct¬ 
ance  but  also  the  interaction  between  the  input  and  image. 
Under  the  zero  harmonics  assumption,  the  only  possible 
interaction  between  the  input  and  image  is  via  g^  which 
is  one  half  of  the  second  Fourier  component  of  g(t).  This 
is  clearly  shown  in  Eq.  (9. A), 

B,  Available  Gain 

The  available  gain  expression  is  now  derived  based 
on  the  terminal  conditions  given  in  Fig.  32.  Let  the 
input  of  the  mixer  have  a  very  broad  response  so  that  the 
input  impedances  at  the  frequencies  and  0)^^  are  equal. 

If  the  output  is  short-circuited,  the  i.f.  current 
due  to  a  current  source  I  at  the  input  terminals  can  be 
found  by  substituting  *  0*  I  *=  1^  +  and  a 
-  ggVj^*  into  Eq,  We  get 


m 


I  ( 


Si 


go  *»•  82  Ss 


(9.5) 


where  I  is  the  complex  rms  value  of  the  current  source. 
Similarly,  the  i.f,  output  short-circuited  current 
due  to  a  current  source  I  at  the  image  terminals  can 
be  found  by  substituting  =  0,  I  a 
li  a  -  ggV^  into  Eq.  (9.^),  We  get 


In.* 

m 


I  ( 


So  S2  +  gg' 


/ 


(9.6) 
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Equation  (9,6)  differs  from  (9„5)  by  a  complex 
conjugate  sign.  This  difference  should  be  expected  since 
the  image  terminal  current  and  voltage  enter  into  (9.^) 
as  complex  conjugate  quantities. 

From  the  mixer- terminal  conditions  as  shown  in 
Fig,  32,  and  suppressing  the  current  generator,  I,  we 
have  *  -  ggV^,  1^*  =  -  ggVj^*  and 

stituting  these  conditions  into  Eq.  (9.4),  we  get  three 
homogeneous  equations  in  V^,  and  v»  the  determinant 
of  which  must  vanish  in  order  to  have  solutions.  Setting 


the  determinant  equal  to  zero,  we  have 

2 


®out  “  ®b  “ 


2gi 


g,^  +  +  g. 


(9.7) 


This  indicates  that  g^^^  has  a  greater  tendency  toward 
having  a  negative  real  part.  This  is  not  so  surprising, 
for  in  this  case  both  sidebands  contribute  to  the  negative 
term  in  (9,7), 

The  power  gain  of  the  mixer  due  to  a  current  source 
1  at  the  input  terminals  can  be  written  as 


Q  ^  Pow^  delivered  to  load  conductance 
*  Available  power  of  Input  signal  source 


I  i*Ag„ 


=  4  (- 


®1 


g.g 


s®L 


+  go  +  g. 


(g 


out 


(9.8) 
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Suppose  the  mixer  is  operated  in  such  a  condition  that 
gout  positive.  Then  the  available  gain  can  be  obtained 
by  substituting  gj^  ss  into  G  of  (9.8),  Thus,  the 

available  gain 

Q _ Vi! _ 

<8o  +  Sa  *  [  So <8.  +  gj  +  gp  - 

(9,9) 

Next,  let  us  consider  the  available  gain  due  to  a 

current  source  I  alone  connected  to  the  image  terminals. 

The  situation  is  quite  similar  to  the  case  we  just  derived. 

The  image  and  the  output  current  relation  is  given  by 

(9,6),  The  of  (9,7)  is  still  applicable  because  all 

the  terminal  conditions  are  the  same.  The  available  gain 

will  be  exactly  the  same  as  of  (9,9). 

It  is  now  possible  to  optimize  G^^  as  a  function  of 

g  ,  and  to  obtain  the  maximum  available  gain  (G_„)_  and 
s  av  max 

the  corresponding  optimum  source  impedance  (gp)ma-tf-»  Since 
we  do  not  need  these  expressions  in  our  discussion,  this 
step  will  be  omitted. 

Does  the  expression  (9,9)  also  hold  for  a  wideband 
radiometer  in  v^ich  white  noise  is  received  in  both  side- 

314 

bands?  According  to  van  der  Ziel,  the  effect  of  double 
sideband  reception  is  that  the  noise  signals  in  the  two 
sidebands  add  quadratically  in  the  output.  Consequently, 
if  the  power  gain  is  defined  as 
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G  s  Noise  power  delivered  to  the  output 
^  *  !fotal  noise  power  available  In  both  sidebands 

one  again  obtains  (9.9) • 

G,  Noise  Figure 

The  output  short-circuited  noise  current  Is  contri¬ 
buted  by  the  following  sources: 

a)  Input  noise 

?  =  i*kTg„dfF^'^  (9.10) 

s  o 

where  Is  the  current  amplification  given  by  the 
term  In  the  parenthesis  of  Eq,  (9.5)  or  (9.6). 

b)  Image  noise 

b^  =  41«Tg„dfF^'^  (9.11) 

s  c 

c)  Tunnel  diode  noise 

A  small  pulse  In  the  diode  current  at  t  s  t  will 
give  an  l.f,  output  component  acosC0j^(t  -  t)  ,  an  rf  Input 
component  acos(o^(t  -  t)  and  an  rf  Image  component 
acoaWj^(t  -  t).  Since  both  the  Input  and  Image  terminals 
are  not  short-circuited,  there  will  be  voltages  developed 
across  them.  The  input  and  Image  voltages  will  give, 
respectively,  l.f.  component  currents, 

-  aF^'cos(Wj^t  -  u^t)  =  -aF^'cos  \  Wjjj(t  -  t)  -  (9.12) 

and 

-  aF^'cos(Wj^t  +  cOj^t)  = -aF^'cos  f «njCt  -  t)  +  oj^tI  (9.13) 


Notice  that  the  phase  angle  of  the  r£  image  component 
changes  sign  in  (9.13). 

Combining  these  three  i.£.  currents  Eqs.  (9.12), 
(9.13)  and  acoam^(t  -  t),  we  have 

a  (1  -  2F^'cos(»JjjT)  cosO)^(t  »  t)  (9.W) 

The  square  of  the  amplitude  of  (9.1^)  is 

a^(l  +  2F^'^  -  i*F^*coEC0j^T  +  2F^'2coa2cc^'r)  (9.15) 


Since  full  shot  noise  is  assumed,  a  can  be  replaced  by 
2eI^(T)df.  instantaneous  equivalent  shot 

noise  current  of  the  tunnel  diode.  The  mean-square  noise 
current  can  be  found  by  taking  averages  over  an  ensemble 
and  over  equivalent  instances  t. 


— X  d(<a'r)  -  - 

d(i^'^)  *  2eI^(T)df  . (1  +  2Fjj'"^  -  4F^,'cos«^t  +  2F/co82a 

(9.16) 

Hence  the  contribution  of  the  tunnel  diode  noise  is 


7 


/■ 

-  Tf 

=  2e 


d(i^^) 


"^4 


df 


(9.17) 


Consequently  the  double  sideband  noise  figure 


becomes 


I 


I 


dsb 


7 
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(9.18) 

where  the  image  noise  is  considered  to  be  part  of  the  signal 
source  noise.  Since  the  input  and  the  image  can  be  con- 
sidered  independent  to  each  other,  no  correlation  needs 
to  be  taken  into  account. 

The  noise  figure  of  the  double  sideband  mixer  is 
better  than  that  of  the  single  sideband  mixer  because  not 
only  the  factor  ^  in  front  of  the  second  term  of  Eq,  (9.18) 
but  also  the  form  between  the  brackets  can  be  made  smaller 
by  properly  choosing  the  parameters  1^^^,  ^e2»®o»  *^1» 

g^  and  the  signal  conductance  g^. 

Let  us  investigate  the  possibility  of  full  noise 
cancellation,  i.e, ,  *=  1.  Referring  to  Eq,  (9.18), 

it  is  the  same  to  investigate  the  possibility  for  the 
form  between  the  brackets  of  Eq,  (9.18)  to  be  zero.  It 
is  intuitively  clear  that  this  can  not  be  the  case.  For 
Eq,  (9.15),  from  which  (9.18)  is  derived,  is  a  quantity 
that  is  positive  or  zero.  Hence  (9.16)  is  positive  or 
zero  and,  since  (9.16)  can  not  be  zero  for  all  values  of 

it  follows  immediately  that  (9,17)  can  not  be  negative 
or  zero  and  hoice  it  must  be  positive.  Only  in  a  limiting 
case  it  may  happen  that  this  ppsitive  number  goes  to  zero. 


Nevertheless,  it  is  instructive  to  prove  this  directly 

from  the  definitions  of  I  ,  I  .  and  1^..  To  do  this,  we 

eo’  el  e2 

solve  for  F  '  after  setting  the  form  between  the  brackets 

w 

in  (9.18)  equal  to  zero.  Then 


P  ' 

c 


=  r 


el 


i 


eo 


'Y* .  + 

e2  ” 


•it  el 


eo  e2  eo 


eo 


(9.19) 


Since  =  gj^/(gQ  +  g^  +  g^)  and  is  a  real  number  as 
given  in  Eq,  (9.5),  therefore  the  condition 

+  Ie2^^eo]i  °  “  required  for  Eq.  (9.19) 
to  have  a  real  value.  This  condition  can  be  rewritten  as 


21 


el 

^eo 


> 


^eo  ^e2 


(9,20) 


If  I  (t)^  0,  it  is  not  possible  to  satisfy  the  inequality 
eq 

sign  of  Eq.  (9.20)  and  the  equality  sign  can  only  hold  in 
a  limiting  case.  That  means,  full  noise  cancellation  can 
not  be  obtained  except  under  the  ideal  limiting  condition 
vdiich  is  very  unlikely  to  occur. 

The  proof  is  given  as  follows.  From  the  definition 
of  I^(t), 

^eq^^^  =  ^eo  +  2Ig2COs2c^t  +  . . .. 

(9.21) 

we  have 

^e2  =  I  ^eq^^^  cos2caj^t  d(c^t) 

-Tf 

--hi  [2c08\t.lj  dCo^t) 


(9.22) 
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or 


and  also 
I., 


I 

=  4  ( 

eo 

2Tr  J 

-TT 

1 

1 

2Tr  1 

eq 

J  ^  leqCOcoa^Wjjt  d(oij^t)  (9.23) 


-TT 


Ieq(t)coscaht  d(to^t) 


or 


21 


el 


eo 


(9.24) 


>  2 


^(9.25) 

Next  it  is  observed  that  the  follov;ing  inequality  holds: 


«-tT 


d(<«:^t) 


cosc 


1  1 


TT 


^2 


V-I-^  l„(t)COSVd(V) 


"eo  2Tr  )  ®Q 
'-TT 


(9.26) 


since  0  0  lead  to  a  positive  integrand. 
Only  in  the  limiting  case  can  the  equal  sign  apply.  EJx- 
panding  Eq.  (9.26),  we  have 


*/V 

^  eo 
-  TT 


COa^Oijjt  d(C0[^t)>  — i-; 

^eo 


!«!<*><=»• 


r 


(9.27) 

multiplying  both  sides  of  (9.27)  by  21 and  comparing 
with  the  Eqs.  (9.23)  and  (9.25),  we  have 


21. 


T  4*  T 

•^e2  ^  ^eo  ^  T 


eo 


(9.28) 
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where  the  equal  sign  only  holds  in  a  limiting  case.  This 
contradicts  the  condition  of  Eq,  (9,20)  and  proves  that 
^dab  ®  ^  only  an  ideal  limiting  case. 

The  double  sideband  noise  figure  of  (9.18)  can  be 
minimized  by  substituting  =  gj^/Cg^  +  gj  +  gg)  into 
Eq,  (9.18)  which  can  be  written  as 


^d»b“'-'^2lEr77^f‘®o+*2*®s^ 

^  (9.18a> 

This  may  be  rewritten  as 


1  e  ^eo 
Si 


'<81(80+ gj) 


+  2gi 


2 


+  2(gjj+ g2- 2gj_Igj_/lgjj)'[ 


(9.18b) 


Differentiation  with  respect  to  g^  gives  that  Fjjgjj  has  a 
minimum  value  if 


Sa  ®  ^^a^opt 

= J(go+  gj)^*  2gl^-  “glCgo*  gjJloiAoo-'-  00 

(9.29) 

unless  (go+g2>^+2Sl^-‘'8l(go  +  g2’Iel/^eo+=8l\2/^eo<  ° 
and 
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^dsb  “  ^^dsb^rain 


•I  .  1  e  eo 


2_|(go  +  82^  +  2Si  -  '*gi<8o+  82)IeiAeo+  h^to 


+  2(g„  +  g3-  2gil,^/l 

eo^ 

The  condition 


(9,30) 


<80+ gj)^  +  2gi2..1,g^(g„+g2)(l^l/l^„)  +  2gi2a^/l,„) 


I  <go+  gj)^-  28iCl^i/I^  J  %  2g^=  f  1-  «.lAeo>^ 

V  k  > 


281^  [  «e2/Ieo>  -  «elAeo>N^  “ 


(9.29a) 


la  always  satisfied  since  (^el^^eo^^  ^  ^  ^^el^^eo^^^ 

^),  The  former  was  proved  in  Chcpter  III  for 
Eq.  (3.9a)  and  the  latter  can  be  obtained  by  subtracting 


^eo-  ^el^/^eo  (9.28). 
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V,  Conclusions 

1.  Correlation  between  high-frequency  noise  and 
intermediate-frequency  noise  is  important.  It  can  not 
be  neglected,  especially  not  for  back  diode  mixers. 

2.  No  ideal  current-voltage  characteristic  of  the 
tunnel  diode  for  a  high  gain,  low  noise  mixer  operation 
can  be  found. 

3.  The  conditions  for  high  gain  and  for  low  noise 
figure  do  not  go  together.  Usually  it  is  not  worthwhile 
to  design  tunnel  diode  mixers  with  large  gain. 

4.  Feedback  from  a  capacitance  in  the  anode  lead 
or  an  inductance  in  the  cathode  lead  of  the  first  i.f . 
stage  will  damp  out  the  negative  output  conductance  of 
the  mixer  with  slight  improvement  on  the  noise  figure.  A 
grounded-grid  i.f.  stage  has  the  same  characteristic. 

5.  The  noise  figure  contribution  from  the  mixer 
itself,  i.e. ,  the  factor  (F-1),  is  lowered  more  than  3  dB 
in  double  sideband  mixing  as  compared  with  single  side¬ 
band  mixing. 

6.  In  first  approximation  results  can  be  deduced 
from  static  characteristic  and  can  be  extended  to  other 
characteristics  by  comparing  their  shapes. 

7.  Three  possible  operating  regions  of  the  tunnel 
diode  can  be  distinguished. 

(!)  The  vicinity  of  the  valley  point.  This 
gives  relatively  low  gain  but  also  low  noise. 
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(ii)  The  vicinity  of  the  peak  point.  This 

can  give  high  gain,  but  the  noise  is  larger  than  under  (i). 

(iii)  Operating  at  zero  bias.  This  is 
especially  useful  in  back  diodes  and  leads  to  low  noise 
operation  as  (i) . 

8,  The  peak  local  oscillator  amplitude  of  about 
200  mV  is  optimum.  Its  amplitude  is  not  very  critical  on 
mixer  operation. 

9.  The  signal  conductance  should  be  chosen  the 
neighborhood  of  the  optimized  value  Cgg)Qp^  minimum 
noise  figure.  If  a  compromise  must  be  made,  this  should 
be  done  such  that  a  larger  mixer  available  gain  and  (or) 
a  more  desirable  mixer  output  conductance  is  obtained, 

10.  The  best  noise  figure  is  obtained  for  back 
diodes. 

11.  Operating  back  diodes  in  the  backward  region 
is  recommended  for  microwave  frequencies  (operating  on 
majority  carriers  and  less  trouble  with  burn-out). 


/ 
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VI,  Reconanendatlona  for  Ftarther  Work 

1.  It  is  recommended  to  measure  the  g-parameters 

(gp*  g]^t  g2i  •••)  device  more  accurately.  This 

would  allow  a  more  accurate  check  of  the  optimum  operation 
o£  the  mixer. 

2.  It  is  recommended  to  carry  out  accurate  power 
gain  measurements  on  tunnel  diode  mixers  which  can  be 
done  by  making  two  available  power  measurements.  In 
particular  means  o£  optimizing  the  power  gain  as  a  func¬ 
tion  of  the  local  oscillator  signal  should  be  studied, 
for  in  many  applications  it  is  highly  desirable  to  have 
a  stable  gain^ 

3.  It  is  recommended  that  a  more  detailed  study 

be  made  of  the  minimum  nol.e  figure  a.  a  function  of 

the  local  oscillator  voltage.  The  maximum  in  the  power 
gain  and  the  minimum  in  the  ncise  figure  are  usually  quite 
broad  and  it  is  often  possible  to  find  a  good  compromise 
for  optimizing  both. 

4.  The  stability  problem  of  tunnel  diode  mixers 
using  diodes  with  a  large  negative  conductance  region  re¬ 
quires  further  study.  It  should  be  noted,  however,  that 
such  diodes  do  not  give  the  same  good  noise  performance 
as  back  diodes. 

5.  Further  study  of  noise  in  tunnel  diodes  is  in¬ 
dicated.  This  would  allow  to  determine  1^^^  and  1^^  directly 
without  any  assumptions  about  the  shot-noise  character  of 
the  noise. 
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6.  The  work  presented  in  this  report  should  be  ex¬ 
tended  to  microwave  frequencies.  In  particular  the  effect 
of  the  series  of  resistance  of  the  diode  upon  the  mixer 
performance  at  microwave  frequencies  should  be  studied. 

7.  A  study  should  be  made  of  the  effect  of  the 
variable  barrier  capacitance  upon  the  mixer  performance 
at  microwave  frequencies. 

8.  A  study  should  be  made  of  possible  storage 
effects  in  back  diodes  operated  in  the  forward  direction. 
Such  effects y  if  present,  might  seriously  deteriorate  the 
gain  and  noise  performance  of  the  mixer  at  microwave 
frequencies. 

9.  A  study  should  be  made  of  the  double  sideband 
mixer  for  radiometer  purposes.  Here  the  conditions  of 
low  noise  figure  and  a  stable  optimized  power  gain  must 
be  met  simultaneously. 

10.  Backward  diode  mixers  operated  at  zero  bias 
have  very  low  l/f  noise.  A  study  should  be  made  of  the 
feasibility  of  replacing  the  tuned  i.f.  amplifier  by  a 
wideband  video  amplifier. 


T 
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Fig.  2  Equivalent  Circuit  of  a  Tunnel  Diode 
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THE  OUTPUT  CONDUCTANCE  OF  A 
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Fig,  13  Current  ■  Voltage  characteristics  of  tunnel  diodes 
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Fig.  Current  -  Voltage  characteristics  of  tunnel  diodes 
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Experimental  Tunnel  Diode  Mixer  With  Noise  Diodes  at 
Both  the  Input  and  the  Output 
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Equivalent  Noise  Circuit  for  Noise  Measurement  (Modified) 


1 

1 

i  *'  ^ 

Contract  DA36-.039  sc-85374 

University  of  Minnesota 

Final  Report  -  Task  II 
1  Jan  61-31  July  62 

Distribution  List 

#  of  Copies 

Commanding  Officer 

U«  S»  Army  Electronics  Material  Support  Agency 
Fort  Monmouthf  New  Jersey 

Attn:  SELMS-ADJ 

1 

Commanding  General 

Um  S«  Array  Electronics  Command 

Attns  AKBEL..CG 

Forth  Monmouth,  New  Jersey 

1 

Commanding  Officer,  9560th  TSU 

U,  S.  Army  Electronics  Research  Unit 

P,  0*  Box  205 

Mountain  View,  California 

1 

Director,  Uo  S.  Naval  Research  Laboratory 

Code  2027 

Washington  25,  Da  Cw 

1 

Commanding  Officer  and  Director 

Ua  S*  Navy  Electronics  Laboratory 

1  San  Diego  52,  California 

1 

Commander 

Wright  Air  Development  Division 
Wright-Patterson  Air  Force  Base,  Ohio 

1  ;  Attn:  WC03I-3 

2 

i 

'  !  Commander  Air  Force  Cambridge  Research  Center 

'  !  Lu  Ge  Han scorn  Field 

,  Bedford,  Massachusetts 

1  ;  Attn:  CROTLR-2 

1 

j  Commander 

Rome  Air  Development  Centex 
'  Griff iss  Air  Force  Base,  Nevj-  York 

Attn;  RAALD 

1 

Commando  r. 

Armed  Services  Technical  Information  >\gency 
Arlington  Hall  Station 

Arlington  12,  Virginia 

10 

Advisory  Group  on  Electron  Tubes 

346  Broadway 

New  York  13,  New  York 

2 

Commanding  Officer 

Frankford  Arsenal 

Philadelphia  37,  Pennsylvania 

Attn:  ORDBA-FEL 

1 

I 


'*  •* 

DA36.v,039  SC-.85374 

#  of  Copies 

Commanding  Officer 

Diamond  Ordnance  Fuse  Laboratories 

Connecticut  Avenue  and  Van  Ness  Street 
Washington  25 C„ 

Attns  T,  T„  Liimatainen 

i 

1 

} 

j  Chief  of  Ordnance 

Washington  25  j,  D„  Ca 

Attns  ORDTX-AR 

1 

Technical  Library 

OASD  (R  and  E) 

Rm  3E1065,  The  Pentagon 

Washington  25 „  D,  C, 

1 

Chief  of  Research  and  Development 
j  OCSj,  Department  of  the  Army 

i  V/ashlrgton  25 ^  D.  C, 

1 

Department  of  the  Wavy 

Bureau  of  Ships 

Semiconductor  Unit^  Code  691A 

Washington  25,  D«  C. 

Attnj  A«  H„  Young 

1 

Commanding  Officer 

V 

Uo  S»  Naval  Ordnance  Laboratory 

Corona^  California 

1 

General  Electric  Company 
.  Electronics  Park 

Syracuse,  Nev;  York 

Attns  Hv,  Mi  Sullivan 

1 

University  of  Illinois 

Urbana,  Illinois 

Attns  Dr^  Jc  Bardeen 

1 

Minneapolis-.Honeywell  Regulator  Company 

2753  Fourth  Avenue,  South 

Minneapolis,  Minnesota 

Attns  La  Griffith 

1 

Brovm  University 

Providence  12,  Rhode  Island 

Attn;  John  Truell 

1 

Sprague  Electric  Transistor  Laboratory 

Ifershail  Street,  Building  4; 

North  Adamsjr  Massachusetts 

Attn;  Mr,,  Kurt  Lehovec 

1 

H«  Rb  B«  Singer  Co„ 

State  College,  Pennsylvania 

Attns  Mr  a  S„  Chaffee 

1 

I 


* 

PA36-.039  SC-.85374 

• 

#  of  Copies 

Semiconductor  Components  Library 

Texa.s  Instrument s^.  Inc„ 

Pa  0.  Box  5012 

Dallas  22if.  Texas 

1 

1 

Western  Electric  Company 

1  120  Broadway 

!  New  York^  New  York 

1  Attn:  Mr.  J»  Tweeddale 

1 

Battelle  Memorial  Institute 

505  King  Avenue 

ColximbuSff  Ohio 

Attn:  Librarian 

1 

Pacific  Semiconductors,  Inco 

Researcj-i  and  Development  Department 

10451  V7est  Jefferson  Boulevard 
'  Culver  City,  California 

Attn;  Q.  North 

1 

j  Prof a  John  G.  Linvill 

i  Electronics  Laboratory 

1  Stanford  University 

)  Stanford,  California 

1 

U,  Su  Naval  Research  Laboratory 

Code  6451 

Vfashington  25,  D«  C, 

1 

Director 

National  Bureau  of  Standards 

Washington  25,  D^  C„ 

Attn;  Chief,  Section  lo6  (Engineering  Electronics) 

1 

Purdue  University 

Lafayette,  Indiana 

Attn;  Profo  Yo  Fan 

1 

Raytheon  Company 

Semiconductor  Division 

150  California  Street 

Newton  58,  Massachusetts 

Attn;  Semiconductor  Division  Library 

1 

Lincoln  Laboratory 

Box  390 

Massachusetts  Institute  of  Technology 

Cambridge 39,  Massachusetts 

Attn;  A„  L„  McWhorter 

1 

Radio  Corporation  of  America 

Princeton,  New  Jersey 

Attn;  D.  0„  North 

1 

DA36-.039  SC-85374 


I  Bell  Telephone  Laboratories 

Murray  Hill,  New  Jersey 
Attn'i  He  Ce  Montgomery 

I  Physics  Depte 

i  Syracuse  University 

i  Attn?  Drj  H.  Levansto'in 

I  Syracuse  10,  New  York 

I  Motorola,  Incu 

!  5005  East  McDowell  Avenue 

Phoenix,  Arizona 
(  Attn;  Dra  Bottom 

I  The  Ohio  State  University 

1  Antenna  Laboratory 

2024  Nell  Avenue 
Columbus  10,  Ohio 

Commanding  General 

Ua  S,  Army  Electronic  Material  Agency 
225  South  18th  Street 
Philadelphia  3,  Pennsylvania 

I  New  York  University 

!  College  of  Engineering 

University  Heights,  New  York 
Attn?  Dr,-  K„  CflHo'Ff 

Di recto 

National  Bureau  of  Standards 
Boulder,  Colorado 
Attn;  Radio  Library 

Purdue  Univer.‘.dty 
Physics  Library 
Lafayette,  Indiana 

Marine  Corps  Liaison  Office 

U«  S,  Army  Electronics  R  and  D  Laboratory 

Fort  Monmouth,  New^  Jersey 

The  Moore  School 
University  of  Pennsylvania 
Philadelphia  4,  Pennsylvania 
Attn 5  Library 

Hughes  Aircraft  Company 
Semiconductor  Division 
P„  0,  Box  278 

New  Port  Beach,  California 


% 


1 


DA36^039  sc-85v374 


#  of  Copies 


Philco  Corporation 
Lansdale  Division 
Lansdaloj,  Pennsylvania 

Attn 5:  J«  R,  Bordon  1 

Comiaanding  Officer 

U„  S,  Army  Electronics  R  and  D  Laboratory 
Fort  Monmouth,  Nev;  Jersey 

Attns  Director  of  Research  1 

Attns  CMef,  Technical  Documents  Center  1 

Attni  Chief,  Technical  Information  Division  3 

Attnj  Rpts  Distribution  Unit,  Solid  State  and  Frecjuency  Control 

Div,,  (Record  Copy)  1 

Attn?  Mr,  T.  Krueger,  Solid  State  and  Frequency  Control  Division  1 
Attn:  Mr,  W.  Dravneek,  Surveillance  Department  1 

Attnj  Ch,  Microwave  and  Quantum  Electronics  Br,,v  Solid  State 

and  Frequency  Control  Div,  1 

Attn;  Kv  Fischer,  Solid  State  and  Frequency  Control  Division  1 

Chief,  U.  S,  Army  Security  Agency 
Arlington  Hall  Station 

Arlin^'on  12  Virginia  2 

Deputy  President 

U*  S,  Army  Security  Agency  Board 
Arlington  Hall  Station 

Arlington  12,  Virginia  1 

Total  number  of  copies  to  be  distributed  -  70 


This  contract  is  supervised  by  the  Solid  State  and  Frequency  Control 
Division,  Electronic  Components  Depar  ment,  USAELRDL,  Forth  Monmouth, 
New  Jersey,  For  further  technical  information  contact  Konrad  H, 
Fischer,  Project  Advisor,  Telephone  .'i9-61792o 


